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1. Background
The tissues surrounding (Greek term “peri”) and supporting teeth (Greek term 
“odont”) are collectively the so-called periodontium. The periodontium consist of 
both mineralized and non-mineralized tissues. More specifically, these are the 
(a)cellular root cementum, the alveolar bone, the periodontal ligament (PDL) and 
gingiva. The PDL is a flexible, fibrous suspension system, connecting the dental 
root to the surrounding alveolar bone (Figure 1). More in detail, Sharpey’s fibers are 
connecting the cementum layer covering the root to the inner part of the alveolar 
bone. The PDL helps teeth to withstand the naturally substantial compressive 
forces that occur during chewing and has sensors for propioception. Overall 
functions of the PDL are supportive, sensory, nutritive, homeostatic and eruptive. 
The completeness and vitality of the PDL are essential for the functioning of teeth.
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Figure 1   (A) The crown of the tooth, enamel. (B) The tooth root covered with 
cementum. (C) Alveolar bone. (D) Sub epithelial connective tissue  
(E) Oral epithelium (F) Free gingival margin (G) Gingival sulcus  
(H) Supra-alveolar connective tissue (I,J,K) Periodontal ligament
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4. Periodontal regeneration and tissue engineering 
As previously stated, full periodontal regeneration remains the ultimate but 
challenging goal of periodontal therapy. Already in the early 1980’s attempts were 
described to achieve this target. These early trials were based on the principle of 
selective cell repopulation, later known as guided tissue regeneration (GTR)8. GTR 
aims at excluding the fast proliferating (epithelial) cells to repopulate the affected 
region and allow the slower proliferating cells, such as the PDL fibroblasts and 
bone cells to repopulate the area, using membranes to cover the periodontal 
defects6. Besides the principles of GTR currently also other approaches have been 
developed based on the principles of tissue engineering, i.e. combining (stem)
cells, a resorbable scaffold and signaling molecules. Towards designing a tissue-
engineered substitute, two basic approaches can be defined. The first method 
utilizes a porous (implantable) material in which a certain growth factor (or a 
combination of growth factors) is incorporated. The growth factor to be used 
depends on the tissue required. Subsequently, the construct is implanted into the 
body defect to stimulate the surrounding cells to produce extracellular matrix. The 
second method comprises a porous material as well, however now (stem) cells are 
included. The scaffold loaded with cells will functions as a reservoir, from which 
these particular cells will rebuild mesenchymal (muscle, bone, cartilage) or 
ectodermal (skin, nerve) tissues. 
In the field of periodontal regeneration this comprises activation of the proliferation 
of mesenchymal progenitor cells in the PDL and differentiating into hard and soft 
tissue forming cells by local administration of signaling molecules or substances. 
Some (pre)clinical examples of this approach are amelogenins found in enamel 
matrix derivative (EMD; Emdogain®, Straumann, Basel, Switserland)9, platelet 
derived growth factor (PDGF)10, insulin growth factor (IGF)11, bone morphogenetic 
protein (BMP-2)12, growth and differentiation factor 5 (GDF-5)13 and the combination 
of PDGF-BB and a β-tricalcium phosphate granulate14. 
5. Objectives of this thesis
The ultimate goal of periodontal therapy still remains full regeneration. First of all, 
this thesis describes several studies performed to develop pre-clinical in vitro and 
in vivo models and secondly to validate these models and develop new regenerative 
treatment modalities in the field of periodontal therapy. Furthermore, bone 
regenerative materials, both experimental and currently available on the market, 
were extensively studied. Next to that growth factors were evaluated as additives to 
an injectable calcium phosphate cement. 
2. Periodontal disease
Unfortunately, a breakdown of the periodontium may occur due to, or in parallel with, 
an accumulation of bacteria that adhere to, and grow on the tooth surface along 
with an overly aggressive immune response against these bacteria. Gingivitis, the 
mildest form of periodontal disease, is highly prevalent and readily reversible by 
simple, effective oral hygiene. Gingivitis affects 50-90% of adults worldwide1. The 
inflammation that extends deep into the tissues and causes loss of supporting 
connective tissue and alveolar bone is known as periodontitis. Periodontitis results 
in the formation of soft tissue pockets between the gingiva and tooth. Severe 
periodontitis can result in loosening of teeth, occasionally pain and discomfort, 
impaired mastication, and eventual tooth loss2. From demographic studies it is 
known that over 18% of individuals over 36 years of age exhibit loss of the periodontal 
tissues and even over 12% of individuals experience advanced clinical attachment 
loss3.
 
3. Periodontal treatment
Gingivitis, as previously explained, is treated by removal of plaque and calculus. In 
case of periodontitis, professional profound cleaning (scaling and rootplaning) is 
being used to prevent progress of the disease (“cause-related periodontal therapy”). 
In other words, periodontal therapy is directed at disease prevention, slowing or 
arresting disease progression, and maintaining achieved therapeutic objectives, 
such as clinically reduced pocket probing depths4. Unfortunately, these treatments 
only lead to “repair” of the periodontal tissues, characterized by a long junctional 
epithelium along the treated root5. It would be more desirable to aim for full 
periodontal “regeneration”, i.e. actually establish new deposition of acellular cement, 
regrowth of a functional PDL and its insertion in bone and cementum, and new 
alveolar bone6. In other words and according to the glossary of periodontal terms, 
genuine periodontal regeneration is the actual reproduction or reconstruction of a 
lost or injured part so that form and function of these lost structures are restored7. 
Alternative treatments for lost teeth have been proposed like bridges, partial or 
complete dentures or implant supported crowns and/or bridges. Nevertheless, these 
treatments have a limited survival at the long term and do not always completely 
fulfill the desires of the patients. For that reason, and also due to ageing and 
increased life-expectancy of patients, regeneration of the lost periodontal tissues 
is of upmost clinical importance. 
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The following research questions were covered.
1. Which animal models are currently used in the field of regenerative medicine 
research?
2. Is it possible, despite the known eruption of the molars, to use the rabbit as a 
model to study periodontal regeneration?
3. Is it possible to develop a relatively simple in vitro model to study periodontal 
ligament regeneration?
4. Is the combination of a root modification gel and injectable calcium phosphate 
synergistic for periodontal and bone regeneration? 
5. Does the combination of calcium phosphate cement and growth factors lead to 
full periodontal regeneration? 
6. Is it possible to modify currently available biomaterials with an enzymatic 
additive to make them more potent in periodontal or bone regeneration? 
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1. Introduction
Nowadays, people reach higher and higher ages.  As a consequence of this ageing 
more people have health problems that need to be solved by medical science. 
Obviously, there is a need for medical technologies to replace damaged or mal-
functioning organs and tissues. At present, a wide range of synthetic materials, 
autologous grafts or allografts (donor tissues) or even organ transplants are 
available. However most of these tissues have certain drawbacks, like availability or 
immunological complications. In an attempt to overcome these problems scientist 
have focused upon using cells and stimulating factors to regenerate the lost or 
damaged tissues, so called tissue engineering.   
When trying to regenerate any specific tissue three basic components will be 
necessary for all tissue engineering approaches (tissue engineering triad); 
appropriate signals, cells, and a (resorbable) scaffold (Figure 1). Towards designing 
a tissue-engineered substitute, two basic approaches can be defined. The first 
method utilizes a porous (implantable) material in which a certain growth factor (or 
a combination of growth factors) is incorporated. The growth factor to be used 
depends on the tissue required. Subsequently, the construct is implanted into the 
body defect to stimulate the surrounding cells to produce extracellular matrix. The 
second method comprises a porous material as well, however now (stem) cells are 
included. The scaffold loaded with cells will functions as a reservoir, from which 
these particular cells will rebuild mesenchymal (muscle, bone, cartilage) or ectodermal 
AnimAl models For evAluAtion oF tissue engineering ConstruCts
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Figure 1   The tissue engineering triade
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experiments increasingly evoke societal debate. The stance one takes on animal 
experiments is largely determined by one’s view on the moral status of animals. The 
most vehement opponents of animal experimentation believe that non-human 
animals have the same moral status as humans and that any intervention we would 
not allow to be performed on humans we should not allow to be performed on 
laboratory animals. The strongest defenders of animal research, on the other hand, 
believe animals have no or hardly any moral status and that the likelihood of any 
benefit for humans is sufficient justification for subjecting laboratory animals to 
experimental interventions. Most people believe, however, that although animals 
have a lower moral status than humans (for instance, because of our rationality or 
moral agency), their welfare still carries considerable moral weight. Accordingly, 
animal experiments, because of the suffering or discomfort they may cause, are 
considered to be morally problematic and are only permissible if they further a 
significant human interest. Moreover, the use and suffering of laboratory animals 
should be minimised whenever possible.
In line with this predominating view, most countries have established Animal Ethics 
Committees (or Animal Care and Use Committees). Researchers are legally 
required to have the approval of such a committee before they may carry out their 
intended experiments. The ethical assessment of proposed experiments by an 
Animal Ethics Committee typically aims to answer the following four questions:
1) Are there any alternatives to the proposed experiment?
2) What is the severity of the discomfort inflicted upon the animals by the experiment?
3) What is the benefit of the experiment for humans (and animals)?
4) Does the benefit for humans outweigh the suffering of the laboratory animals?
If there are any alternative ways available to answer the research question, then 
carrying out the experiment originally proposed is both morally and (at least in the 
Netherlands) legally prohibited. It is important to realize that the term ‘alternatives’ 
in the context of animal experiments does not only refer to the avoidance of using 
living laboratory animals, for example by using cells or computer programs instead. 
It refers to all the three R’s of Replacement, Reduction and Refinement2 (Table I). If 
an alternative in any of these three senses is available, an Animal Ethics Committee 
will reject the proposed experiment (at least in its current form). If there is no 
alternative, the Committee will turn to the weighing of the benefit for humans against 
the suffering of the animals. If the Committee is of the opinion that the knowledge 
produced by the experiment (for example about the safety and efficacy of a tissue 
engineering construct) is so valuable that it outweighs the discomfort the laboratory 
animals are subjected to, the proposed experiment may be carried out and the 
proposed animal model used.
(skin, nerve) tissues. In most cases the cells will be cultured in the laboratory to 
increase in number before they are transplanted into the defect.
Obviously, tissue-engineered materials need to be tested for their safety and 
efficacy. When considering testing of new materials three basic options seem to be 
available: performing tests on humans, animals or tissue/cell cultures. Given that 
you want to find out how humans will respond to a tissue-engineered construct, 
performing tests on humans would be the most informative. However, for obvious 
ethical reasons, human testing can never be the first step in developing new 
materials. To also bypass testing on animals, human tissues or cell cultures can be 
used. Cell cultures and bioreactors both provide effective means for (initial) testing 
the safety and efficacy of a biomaterial. Another example in which cell cultures have 
proven to be useful is for the development and creation of vaccines. Nowadays, a 
(kidney) cell culture can be selected to develop a vaccine instead of using numerous 
animals like in the past was done. Computer models to perform statistical testing 
(also known as in silico testing) are available as well to reduce the need for animal 
testing. For example to predict the behaviour and consequences of substances 
delivered to the body. At this moment, computer models still depend on data sets 
collected from both in vitro and in vivo research done in the past.  However, models 
may one day be used to predict effects for which such studies have not been 
conducted (or not as many) thereby reducing our reliance on animal testing. 
Improved medical technologies, such as magnetic resonance imaging (MRI), 
enables researchers to investigate diseases using human scans. Also this can be 
seen as a method to reduce animal testing. Despite the promising possibilities 
today, still (important) basic research questions cannot be (completely) answered 
by the previously mentioned tests. Especially questions related to fundamental 
biological reactions and events to a certain material cannot be answered using any 
of the previously mentioned tests. Therefore research in animals is still unavoidable.
It is estimated that worldwide annually 50 to 100 million animals are used for 
research purposes. The great variance in the presented number is due to the poor 
documentation in some countries. In the Netherlands, the annual use of animals is 
gradually diminishing from 633.115 animals in 2004, 612.809 animals in 2005, 
603.748 animals in 2006 till 597.605 animals in 2007. Most of the animals used 
(2007, the Netherlands) are the mouse (45.9%), and the rat (24.1%), together more 
than two third of all animals. Chicken comes in third (15.6%) and fish in fourth 
position (4.6%). In the Netherlands, the purpose of most research performed, is 
academic research (46.7%) and second (41.7%) for developing medicines, vaccines, 
medical devices, and so on1.
Even though animals at present seem to offer the best possibility to pre-clinically 
test tissue engineered constructs, their use is far from uncontroversial. Animal 
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In line with these goals, desirable properties of an animal model include demonstration 
of similarities with humans, both in terms of physiological and pathological 
considerations, as well as being able to observe numerous subjects over a relatively 
short time frame3-5. 
When deciding on the animal species for a particular study, several factors need to 
be considered. Logically, first one must clearly define the research question as being 
addressed. Animal selection factors include: costs to acquire and care for animals, 
availability, acceptability to society, tolerance to captivity and ease of housing5. 
Other factors comprise low maintenance care, ease of handling, resistance to 
infection and disease, inter-animal uniformity, biological characteristics analogous 
to humans, tolerance to surgery, adequate facilities and support staff, and an 
existing database of biological information for the species. In addition, the lifespan 
of the species chosen should be suitable for the duration of the study. 
Another important factor is to critically determine if the characteristics of the defect site 
are comparable to the human defect, for example with respect to the bone density. 
When considering regenerative medicine using tissue engineering, one should keep in 
mind that surgically created defects will never fully mimic defects as caused by a certain 
genetic disorder or disease. Also, due to the differences in biological systems, one has 
to be careful extrapolating results from one species to another, such as humans. 
Obviously, the positive aspect is the possibility to create similar defects in order to 
observe differences in healing pattern after applying a range of bone substitutes or 
using various surgical approaches. Another aspect is that the experimentally created 
defects, without any intervention, should not heal spontaneously during the course of 
the experiment; in other words the defects should be critical sized. Such a critical sized 
defect is defined as a defect, which left untreated, shows less than 10% healing of bone 
during the lifetime of an animal6. Otherwise the impact of the treatment might not be 
fully responsible for the achieved goal. 
3. State of the art
 
Because of the huge number of different models used in regenerative medicine, it 
is impossible to summarize all the models used; therefore we will focus upon our 
field of expertise. Therefore, in this chapter the focus will be upon the different 
animal models used for tissue engineering in dentistry. If applicable, examples of 
bone tissue engineering and periodontal regeneration will be highlighted. Others 
like Jansen et al already gave an overview considering animal models in the 
complete field of regenerative medicine7.
As previously mentioned, as tissue engineering has become popular in medical 
research over the last years, dentistry is in this respect no exception. In this field, 
2. Aim of the discipline
As previously stated, due to the ageing of people there is an increasing need to 
restore or replace damaged/lost tissues. Scientists in the field of regenerative 
medicine are constantly trying to create newly developed tissues. The major targets 
for animal testing in tissue engineering are testing safety and functionality of the 
product as also the basic biological principles of regeneration. 
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Table I   The 3R’s; Replace, Reduce, Refine 
When considering animal studies the guidelines of the 3R’s should be considered. The 
concept of the three Rs was introduced in the field of scientific experimentation by Russell 
& Burch86 in their 1959 book ‘Principles of Humane Experimental Technique’.
Replacement: Research has been done, and is still in progress, to investigate possibilities 
to perform research without using (living) animals. Alternatives have been developed, 
such as the use of cell/tissue culture or the use of computer models.
Reduction: Different possibilities are available to reduce the number of animals used 
in research. Obviously, a good experimental setup and an accurate statistical analysis 
(power analysis prior to a new experiment) will allow for just the exact number of animals 
necessary; too many or too few animals will give unreliable test results and will imply 
that the test might have to be redone.  Reducing the number of animals may also be 
accomplished by a structured research organisation. For example, the first (pilot) 
research will be done with a minimal number of animals, in case of positive results more 
sophisticated tests possibly in other animals and/or more animals can be done. One may 
also consider performing more than one test per animal, this will also reduce the number 
of animals, and of course this is only possible in case of minimally invasive tests. The 
use of genetically identical animals is another method to reduce the number of animals. 
The interindividual variation will be smaller; this will prevent differences in study results 
because of genetic differences between the animals. Similarly, specific pathogen free, 
non-diseased animals also offer more reliable study results. 
Refinement: Experiments can be performed in such a way that the stress and discomfort 
for the animals will be minimized as much as possible. For example in case of post-
operative pain, a pain killer can be given. When at several time points blood has to 
be taken, for example, to measure a certain hormone level, a researcher can, instead 
of performing several sessions in which blood will be taken, also implant a hormone-
measuring sensor. Humane endpoints have to be mentioned as well. The principle is that 
in case of (severe) problems/suffering that eventually will lead to death, the animal can be 
taken out from the test at an early time-point to prevent unbearable suffering. Important 
as well is the environment of the animal like the cage, materials within the cage, and 
social environment (solitary or in a group). All of these features can influence the animal’s 
welfare and as a consequence the study outcome. 
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research issues are mainly focussed upon either the supportive hard tissues, i.e. 
the alveolar bone and the cementum, or the supportive soft tissue, i.e. the 
periodontal ligament. These tissues may be lost or injured for several reasons, such 
as decay, periodontal disease, trauma, genetic disorders, and continuing wear due 
to ageing. Solutions offered today are artificial replacements such as crowns/
bridges, removable partial dentures and as a last resort (dental) implants. As a 
drawback, these solutions require regular maintenance and sometimes even 
replacement after several years in function. A more attractive, however challenging 
solution, is to regenerate the lost tissues. 
In case of periodontal disease (periodontitis), regeneration of the periodontium is 
an important issue. The periodontium refers to the specialized tissues that both 
surround and support the teeth, maintaining them in the maxillary and mandibular 
bones. The periodontium is composed of gingival epithelium, the cementum, which 
is attached onto the dental root surface and the periodontal ligament (PDL), which 
connects, by way of the cementum, the dental root to the alveolar bone. In case of 
absence of a tooth or molar, placement of a dental implant might be considered. 
However, in case of a bony defect, first regeneration of the alveolar ridge is 
demanded. 
3.1 Animal models used in dentistry
For studies investigating periodontal or bone interactions, an understanding of the 
species-specific bone and periodontal characteristics, such as bone microstructure 
and composition, as well as bone modelling and remodelling properties, are 
important when extrapolating the obtained results to the human situation. Finally, 
the size of the animal must be considered to ensure that it is appropriate for the 
number and size of the substitute material chosen.  However, within a field of study, 
no single animal model will be appropriate for all purposes, nor can a model be 
dismissed as inappropriate for all purposes. Furthermore, multiple model systems 
are likely required to establish a broad body of knowledge8.
In the next part of this chapter, according to the size of the animal, the most 
frequently used animal models will be described. For most of the presented models 
in the small animals it is possible to use the same models in larger animals as well, 
however this is not done regularly due to the higher costs. A general overview of the 
animal models used in dentistry is depicted in Table II. Additionally, the most 
commonly used animals will be discussed.
3.2 Rodent-mouse model
The most frequently used experimental model (as previously mentioned 45,9% in 
the Netherlands), mice, are available either as regular, immune-suppressed (nude/
athymic) or knock-out. Immune-suppressed implicates that the immune system is 
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Table I   General overview of animals models used in dentistry 
Animal 
Positive aspects Negative aspects
Rat 1. Most histological features of 
epithelium and connective tissue 
similar to humans
2. Cheap purchase and 
maintenance
1. Wear of occlusal surfaces 
(causes changes in tooth 
position)
2. Continuous eruption
3. Small dimensions, potential 
surgical difficulties due to the size
4. Number and size of defects 
limited
Hamster 1. Mouth opening almost 180 
degrees
2. Periodontitis can be introduced 
using ligaments
1. Wear of occlusal surfaces (cause 
progressive changes in tooth 
position)
2. Small dimensions
3. Primarily horizontal bone loss 
when inducing periodontitis
Ferret 1. Occurrence of periodontal 
disease
2. Spontaneous calculus formation
3. Course of periodontal lesions 
similar pathway as in human
1. Limited research has been done
2. Small dimensions
3. Potential surgical difficulties due 
to the size
4. Number and size of defects 
limited
Dog 1. Susceptible to periodontal 
disease
2. Reasonable number and size of 
defects
3. Suitable for studying furcation 
defects
4. Simple morphology of the roots
5. Docile temperament
1. Much faster bone turnover rate 
and a different architecture and 
thickness of bone
2. Great inter-animal variability
3. Purchase and maintenance 
expensive
4. Ethical debate
Minipig/ 
microswine
1. Histologically, the inflammatory 
process is similar to human 
situation
2. In older animals (>16 months) 
naturally occurring periodontitis 
with pocketdepth >4 mm, can be 
increased using ligatures
3. Suitable for studying furcation 
defects
1. Expensive purchase and 
maintenance
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Inserting biomaterials subcutaneously into the back of the nude mouse is also a 
frequently used model in bone-tissue engineering11, because, due to the suppressed 
immune system, also human cells can be tested.
3.3 Rodent-rat model
The rat is the second most frequently used animal model in research, in the 
Netherlands even 24,1% of all animal research. Rats are inexpensive, easy to house, 
and might carry less societal concerns than other larger models. Several strains are 
available for experimental research such as albino Wistar rats and Sprague Dawley 
rats, which are characterized by their calmness and ease of handling. Additionally, 
so-called immune-suppressed and knock-out rats are available, therefore making 
them attractive candidates for bone research, for reasons as previously described.
In rats a varied scale of (dental related) models have been proposed using not only 
the long bones and the calvaria, but also intra-oral regions. For example, for early 
prove that bone morphogenic proteins (BMP), have a beneficial effect on bone 
regeneration, rat models were successfully used. Takagi and Urist showed that 
extracted bovine BMP could be used to heal large femoral defects in Sprague-Dawley 
rats12. These defects were created by resecting one centimeter of the middle 
one-third of the femoral diaphysis. This is considered a so-called critical defect6. 
The authors used a so-called omega pin and inserted it into the femoral medullary 
canal to distract the two ends of the femur and to block the migration of osteo-
inductive and osteoconductive elements within the marrow. Although a variety of 
graft materials were evaluated, including variable doses of BMP without a carrier, 
only the defects treated with BMP and autogenous marrow healed 100% of the 
time.
Yasko et al in a similar type of model found that BMP-2 combined with bone marrow 
in a rat segmental femoral defect model (five millimeter segmental defect, 
approximately twice the diameter of the diaphysis) produced union at a rate of 
100%, three times superior to the rates achieved with only autogenous cancellous 
graft13.
Le Guehennec et al compared the bone colonization of a macroporous ceramic 
(calcium phosphate) in three different sites; femur, tibia, and calvaria in both rats 
and rabbits. The defects created in the rat were a combination of a (lateral) femoral 
condyle defect and a (proximal) tibial defect. The defects, in the femur and tibia, 
were simultaneously prepared in one surgical approach (entry), and had a 3 mm 
diameter and a 3 mm depth. For the rabbits the defects were slightly larger and had 
a diameter of 4 mm and a depth of 6 mm. For the calvaria defect two bilateral 
symmetrical round defects were created using a trephine drill in both parietal 
bypassed by breeding mice without a thymic gland. In knock-out mice some specific 
genes are suppressed in order to study a specific disorder. 
Advantages using mice could be the relatively low costs, known age, known genetic 
background, easy handling and housing. However, as mice are small animals, they 
might present technical challenges. Like other rodents, mice differ somewhat in 
(dental) anatomy compared to humans, like for example the oral sulcular epithelium 
is keratinized while this is not the case in the human situation. Also, when considering 
the nature of periodontal disease the immune response in mice is different 
compared to the human situation, the neutrophils are the dominant infiltrating cells 
while in humans also lymphocytes, plasma cells and macrophages are present. 
Therefore, the main area in which mice are used is the development of cardiac 
tissue and in understanding basic molecular mechanisms that control normal heart 
development and subsequent congenital cardiovascular malformations9. 
In mice, an intra-oral (surgical) approach is hardly possible due to the limited 
accessibility. However, for periodontal regeneration, tissue-engineering approaches 
are feasible as Zhang et al showed10. This study was developed to test a growth 
factor gene-releasing scaffold as a regenerative material for periodontal 
regeneration. In this scaffold, first human periodontal ligament cells were seeded 
and then implanted subcutaneously into mice. Results indicated that human PDL 
cells showed much better proliferation properties on the gene-activated scaffolds 
than on the scaffolds without the gene-activation. Moreover, the expression of 
platelet-derived growth factor B (PDGF B) and type-I collagen appeared to be 
up-regulated in only the gene-activated scaffolds. Implanting periodontal cells 
subcutaneously, thus bypassing the intra-oral surgical approach, could be a good 
model for preliminary testing a newly developed material. 
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Table I   Continued 
Animal 
Positive aspects Negative aspects
Non human 
primate
1. Comparable dental anatomy
2. Comparable periodontal 
woundhealing 
3. Suitable for studying furcation 
defects
4. Experimentally induced defects 
do not spontaneously regenerate
5. Natural occurring plaque and 
calculus
1. Expensive purchase and 
maintenance 
2. Hard to handle
3. Potentially infectious
4. Ethical debate
28 29
Therefore, the first and second molar in the maxilla were extracted. After 1 month 
an artificial bone defect in this region was created (width 1.0 mm, depth 0.5 mm, 
mesio-distal length 2.5 mm) by means of a round burr. In this study the effects of 
membrane application periods on newly formed bone and its remodelling process 
after removal of the membrane were evaluated. It was concluded that long-term 
application of a membrane induces enlargement of the bone marrow spaces. 
Therefore it was suggested that Teflon membrane removal in adequate time 
promotes the corticalization and maturation of the newly formed bone by the GBR 
technique18. 
Salata et al used a GBR model in the mandible; 3-mm diameter bilateral transcortical 
defects were produced in the mandibular ramus19. This study was designed to 
evaluate the biocompatibility of a novel membrane. At 4 weeks complete bony 
regeneration of these ramus defects had not occurred with either the membrane or 
the control (open) defects. However, in contrast to control defects where newly 
formed bone was confined to the bony margins, the defects covered with a 
membrane showed evidence of bone formation centrally20. 
Donos et al also used the mandibular ramus, but in a completely different fashion. 
On the lateral part of the mandibular ramus a hemi-spherical polytetrafluorethylene 
(PTFE), rigid capsule was placed.  Their aim was to evaluate whether the use of 
enamel matrix proteins (Emdogain®) with or without Bio-Oss® influences bone 
formation when used as an adjunct to GBR. Four groups and several time points 
bones. In the rat, a diameter of 3 mm was chosen. The defects created in rabbit 
calvarium were 6 mm in diameter. Bone colonization in the empty and filled defects 
was measured. In the empty cavities, bone healing remained on the edges, and did 
not bridge the defects. Bone growth was observed in all the ceramic implantation 
sites in rats. The bone colonization appeared statistically higher in the femur of 
rabbits than in the tibia and calvarium sites. This slightly higher degree of bone 
healing was related to differences in the bone architecture of the implantation sites. 
Concerning the comparison between animal species, bone colonization appeared 
greater in rabbits than in rats for the femoral site. For the other two sites (the tibia 
and calvaria), there was no statistically significant difference. The increased bone 
ingrowth observed in rabbit femurs was attributed to the large bone surface area in 
contact with the ceramic material14.
Develioβlu et al used a comparable type of calvarial defect model, as previously 
mentioned, instead of creating one defect in the centre of the skull, two defects 
(diameter 5 mm) were created, one in each parietal (cranial) bone next to the 
midline. This study evaluated the effect of a biphasic ceramic (hydroxyapatite 65% 
and tricalcium phosphate 35%) compared to empty defects on the osteogenesis. 
From this study it was concluded that the test material is biocompatible, but that is 
does not offer any advantage over using hydroxyapatite ceramics as only 
component. Furthermore it had no effects on bone regeneration and it solely 
seemed to maintain the created space15.
Bodde et al created a critical sized cranial (calvaria) defect, in the centre of the skull, 
8 mm in diameter, using a trephine drill. While the previously mentioned studies 
created two smaller defects, in this study one larger defect was created. Different 
BMP-2 loadings in a sustained release system were evaluated. The system 
comprised of calcium phosphate cement with BMP-2 loaded micro particles. Two 
evaluation times were used. Histology showed defect bridging only in the highest 
dose BMP-2 group. Implant degradation was limited in all formulations, but was the 
highest for the high-dose BMP-2 group. Already low amounts of sustained released 
BMP-2 were sufficient to bridge critically sized defects. A substantial amount of 
BMP-2 was retained in the implants because of the slow release rate and the limited 
degradation (Figure 2)16.
Calvarial defects in rats can be used to provide good first phase (non load bearing) 
bone healing models with relative biological inertness due to poor blood supply 
and limited bone marrow, which is thought to resemble atrophic mandibular bone 
in humans17. 
For intra-oral research some interesting models have been described. For example 
Ohnishi et al proposed a guided bone regeneration (GBR) model for the rat maxilla. 
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Figure 2   Cranial defect in the rat. A) the empty calvarial defects prepared with 
a trephine drill (diameter 8 mm) B) the defect filled with composite 
[with permission16]
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very limited, in both groups. From this study it was concluded that Emdogain® 
enhanced periodontal healing by reducing gingival recession and junctional 
epithelium along the root surface and enhancing the formation of new cementum.
King et al evaluated the effects of BMP-2 on wound healing in a rat model25. The 
buccal aspect of the molar roots were carefully denuded of their PDL through a 
bony window created in the mandible (so-called fenestration defects). This was 
done from an extra-oral approach. A BMP-2 collagen gel solution was placed into 
the surgically created defect in the test group. The control groups, either received 
only the collagen gel, or the defect was left completely empty. It was concluded that 
a single dose of BMP-2 increased the rate of normal bone formation and selectively 
enhanced cementum formation during early wound healing. 
Using the same fenestration model, Flores et al evaluated whether human PDL cell 
sheets could reconstruct damaged periodontal tissue26. Human periodontal cells 
were cultured with or without an osteogenic differentiation medium. The cell sheets 
were transplanted on periodontal fenestration defects in immunodeficient rats. Most 
of the experimental group specimens (osteogenic differentiation medium) exhibited 
a new cementum-like layer and new attachment of collagen fibers to the layer. 
Histomorphological analysis indicated significant periodontal regeneration. The control 
group revealed dense extracellular matrix and fiber formation, but an obvious 
cementum layer was not present. The authors concluded that culturing PDL cells 
could be feasible as a new therapeutic approach for periodontal regeneration.
Although technically demanding, due to the size, several rat models, even intra-oral 
models, can be used within the field of regenerative medicine. 
3.4 Rabbit model
In approximately 35% of musculoskeletal research studies rabbits are the first 
choice, mainly because, in relation to their reasonable anatomical size, lower costs 
in terms of purchase and maintenance are involved as compared to larger animals27. 
As additional advantage, rabbits reach skeletal maturity shortly after sexual 
maturity, around 6 months of age28. As a drawback, their fast skeletal change and 
bone turnover makes extrapolation of obtained results from such studies to human 
clinical response difficult.  
Also in rabbits, the calvarial defect model has been used to test various biomaterials. 
For example, a study was performed to evaluate the effect of silk fibroin nanofiber 
membranes on bone regeneration29. In this study bilaterally 8 mm defects were 
created, one on each side of the midline. Two different types of membranes were 
tested. At 12 weeks, in the silk fibroin nanofiber membrane group the defect had 
completely healed with new bone. The authors concluded that the silk fibroin 
nanofiber membrane showed good biocompatibility, which enhances bone 
regeneration without evidence of any inflammatory reaction.
were used; empty capsule, capsule filled with Emdogain®, capsule filled Bio-Oss®, 
capsule filled with Bio-Oss® mixed with Emdogain®. It was concluded that neither 
the application of Emdogain® nor the use of Bio-Oss® or the combination of 
Bio-Oss® and Emdogain® resulted in enhanced amounts of bone formation in 
comparison with the GBR procedure alone21.
Also the inferior border of the mandible can be used as location to investigate for 
example the long-term stability of bone grafts with or without combined application 
of GBR22. In this study, a calvarial bone graft was placed at the inferior border of the 
mandible and was subsequently fixated. At the contra lateral side, an ischiac bone 
graft was positioned. There were groups with and without a GBR membrane. Width, 
length and thickness/height of the bone graft were evaluated. At 5 months, both 
types of membrane-treated bone grafts presented increase in all dimensions 
compared to the baseline. However at 11 months, both types of membrane-treated 
bone grafts exhibited a decrease in their dimensions. In the control groups (without 
membrane), both types of bone graft presented significant resorption both at 5 and 
at 11 months with the ischiac bone grafts presenting more resorption in width and 
length than the calvarial bone grafts. It can be concluded that the long-term volume 
stability of bone grafts combined with GBR is superior to that of bone grafts alone.
Donos et al evaluated the potential of several biomaterials for heterotopic bone 
formation. After an incision in the middle of the thorax the pectoral muscle was 
identified. Intramuscular pouches were created within this pectoral muscle. Three 
different materials (Bio-oss® alone, Bio-oss® mixed with Emdogain®, and Bio-oss® 
mixed with only the carrier of Emdogain® (propylene glycol alginate) were evaluated 
at several time points. They concluded that intramuscular bone formation did not 
occur in any group at any time point23. 
As can be observed from the above-mentioned studies various models can be 
used to study GBR. Fewer models are available for evaluating the potential of 
periodontal regenerative procedures.  Obviously, as also in mice, the dimensions 
of the animal are the limiting factor concerning intra-oral research. The possible 
dimensions of a construct or material are limited, but not impossible as Nemcovsky 
et al showed, using a surgically created supra-infrabony periodontal defect. The 
effect of Emdogain® was studied24. After a mid-crestal incision mesial of the first 
maxillary molar, and raising a full thickness flap, alveolar bone mesial of this molar 
was surgically removed together with the PDL and the remaining cement, an intra 
bony defect of reasonable dimensions was created. In the study group, Emdogain® 
was applied, and in the control group, only propylene glycol alginate (carrier of 
Emdogain®) was applied. In the study group, smaller gingival recession, deeper 
gingival sulcus, and shorter junctional epithelium were found. New cementum was 
observed in the Emdogain® group only. New bone formation was similar, however 
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When considering bone regeneration, loading of bone is an important factor. For 
this reason various models have been proposed utilizing load bearing parts of the 
body, such as the limp. Unfortunately, till now the rabbit does not seem to be 
suitable for load bearing studies.
For example Bodde et al evaluated the rabbit radial defect (Figure 3) as a potential 
critical size model30. It was hypothesized that the intact (relatively large) ulna could 
stabilize the radial defect, without the need of additional osteosynthesis material. In 
this model the effect of poly(DL-lactic-co-glycolic acid) (PLGA) on bone regeneration 
was evaluated. Rabbits received bilateral segmental radial defects of 15 or 20 mm. 
The osteotomy margins were marked with small titanium pins positioned at 7 mm 
of the defect margins (Figure 3). Subsequently, the test group received the injectable 
PLGA/carboxymethylcellulose implants (Figure 4, Figure 5), while the control group 
was left empty. Evaluation consisted of radiographs taken immediately after surgery 
and after sacrifice, as also micro computed tomography and histomorphometry. 
Interestingly, the radiographs revealed (in which both titanium pins can be spotted) 
that after sacrifice the created defects were significantly reduced, pointing out the 
instability of the created defect. As most defects were more or less regenerated, it 
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Figure 3   The segmental radial defect completed; 7 mm from both defect 
edges the titanium pins can be observed. These pins are placed for 
defect measurements post-operatively and at sacrifice  
[with permission30]
Figure 4   The PLGA microparticle/carboxymethylcellulose material being 
injected with a disposable (monoject®) syringe [with permission30]
Figure 5   The construct in place [with permission30]
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the regeneration of the periodontal defect in time. Unfortunately, due to the fast 
eruption of the teeth, before regeneration could take place, the created defect was 
already shifted into the oral cavity. Therefore, this model seems to be unsuitable for 
further studies in the field of regenerative periodontology.  
The rabbit seems well suited for studies in the bone regenerative medicine, while it 
appears not suitable for periodontal regenerative research. 
3.5 Canine (Dog) model
The dog is one of the more frequently used large animal species for musculoskel-
etal and dental research, although in the Netherlands it is only 0,3% of the totally 
used animals1. The popularity to use dogs in dental research is probably due to the 
close similarity in bone composition between the dog and human. Another reason 
is the need for dog studies when aiming for a Food and Drug administration (FDA) 
approval for certain devices. Studying the differences in bone composition, density 
and quality between various species (human, dog, sheep, pig, cow and chicken), it 
was concluded that the most similarity in bone composition (ash weight, hydroxy-
proline, extractable proteins and IGF-1 content) is between the dog and human. 
Regarding bone density, beside the dog, also the pig most closely represents 
the human situation. The authors concluded that of the components tested, the 
characteristics of human bone are best approximated by the properties of canine 
bone27. These results also supported earlier findings, where human and dog cortical 
and cancellous bone was found to be similar in terms of water fraction, organic 
fraction, volatile inorganic fraction and ash fraction36.
Unlike other animal species, there is a limited amount of literature comparing canine 
and human bone with regard to the usefulness of the dog as a model for human 
orthopaedic conditions. Neyt et al, found that dogs and cats were used in 11% of 
musculoskeletal research between 1991 and 199537. This was confirmed in a later 
study by Martini et al, who reported that between 1970 and 2001, nine percent of the 
orthopaedic studies used dogs as an animal model38.
Bone remodelling is a factor that should be considered as a difference between 
human and canine bone especially when assessing the qualitative effect of bone 
graft material. This is an important consideration as graft material associated 
changes evident in a canine model may not be as apparent in the human situation 
where there is a lower rate of remodelling39,40.
Beagles are the dog breed most often used in animal testing, due to their size and 
passive nature. In 2005 Beagles were involved in less than 0.3% of the total 
experiments on animals in the UK, but of the 7670 experiments performed on dogs 
7406 involved Beagles (96.6%) (Statistics of Scientific Procedures on Living Animals 
Great Britain 2005).
was concluded that both 15 and 20 mm were not of critical size. Also, PLGA did not 
influence bone regeneration significantly. From this study was concluded that 
15- and 20-mm radius defects appeared not to be a suitable model for bone 
regeneration as these defects were neither of critical size nor stable. 
With respect to a critical size defect model, only 15 mm calvarial defect reveal to 
be reliable, as such, however this is not a load bearing model6,17,31.
The femora of the rabbits are suitable test sites, as shown by Voor et al evaluating 
the ‘in vivo’ performance of several different ceramic bone substitutes compared to 
cancellous bone32. Bilaterally cylindrical defects were created in the distal femur. 
Defects were drilled from the lateral direction to a 10 mm depth with 5.5 mm as 
diameter and subsequently filled according to the study protocol. After both 
mechanical and histological evaluation, it was concluded that composites of 
hydroxyapatite cement and porous biomaterials can maintain relatively high 
strength over 8 weeks in vivo, but their incorporation into a new bony structure is 
slower than the incorporation of impacted cancellous bone. 
In an alternative approach, Link et al used the rabbit femoral condyle to create a 
defect, measuring a diameter of 4 mm and a depth of 6 mm33. In this study the 
combination of a growth factor (TGT-β1) incorporated into micro particles mixed 
with a calcium phosphate cement was tested. Different healing periods were 
analyzed. The results showed a gradual increase in mechanical strength with 
longer healing periods. In conclusion, micro particles containing calcium phosphate 
composites show excellent osteogenic properties and a rapid increase in mechanical 
strength. The addition of TGF-β1 significantly enhanced the bone remodelling process.
Young et al described an accessible and reproducible, alveolar bone defect in the 
mandible, as an alternative to existing models34. Two types of defect in the mandibular 
premolar/molar region were compared. The first defect was a bicortical 10-mm 
diameter defect; besides both cortical plates also the trabecular bone and the roots 
were completely removed. The second defect had the same diameter but only 
involved the buccal cortical bone plate, the trabecular bone and the roots. Both 
types of defect were evaluated in time (up to 16 weeks) using histology and micro 
computed tomography. The results indicated that only in case of a bicortical defect 
a critical size defect was created.
 
In a comparative model, Oortgiesen et al demonstrated that this model is not suitable 
for evaluation of periodontal regeneration35. Periodontal fenestration defects were 
created bilaterally on the first and second molars in the mandible using an ultrasonic 
device to remove the alveolar bone, together with the PDL and the cementum. The 
dimensions of the bone window were 4 x 6 mm. Histology was performed to evaluate 
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order to create the defects a buccal mucoperiosteal flap was elevated, and a 
square-shaped dehiscence bone defect (5 x 5 mm) was created using burs. In the 
experimental group the cell sheet in a carrier was applied and in the control group 
only the carrier. All animals were sacrificed after 8 weeks. It was concluded that the 
PDL cell sheet has a potential to regenerate periodontal tissue and may become a 
novel regenerative therapy. The advantage of a fenestration defect model is that in 
the absence of the oral (pathogenic) flora materials can be tested.
To mimic periodontal defects, as also found in humans, dogs are preferentially 
used. For example Murakami et al evaluated periodontal regeneration, following 
application of basic fibroblast growth factor (bFGF) into surgically created furcation 
defects45. These were created between the roots of the mandibular first molar on 
both the left and right side. After flap elevation buccal bone was removed until the 
furcation region was exposed. Within the furcation four mm of bone was removed 
in an apico-coronal direction and three mm in a horizontal direction towards the 
lingual furcation. Thereafter the root cementum together with the remnants of the 
PDL was eliminated. Finally, an impression material was placed into the defect in 
order to create inflammation. The wound was closed and after 4 weeks surgically 
reopened. At this time, the area was debrided and the root surfaces were root 
planned. Subsequently, for histological evaluation a notch was placed in the base 
of the defect. Control defects (carrier only) were compared to defects treated with 
the carrier containing bFGF. Sacrifice of the animals was executed 6 weeks post-
operatively. In all sites in which bFGF was applied, PDL formation with new 
cementum deposits and new bone formation was observed, in amounts greater 
than in the control sites. From this study it was concluded that topical application of 
bFGF could enhance considerably periodontal regeneration in artificially created 
furcation class II defects. 
Doβan et al aimed to assess the seeding of cells derived from regenerated PDL 
(RPL) to promote the regeneration in artificial furcation defects46. First, surgery was 
performed to create a furcation class II defect; five mm of coronal bone and two 
mm of horizontal bone were removed within the furcation site of the third premolar. 
Then, to cover the defect non-resorbable membranes were placed. Four weeks 
post-operatively, the membrane was surgically removed and subsequently, 
biopsies were taken of the RPL that had grown underneath the membrane. By 
incubating these biopsies, fibroblast-like cells were obtained. For regeneration, 
fourth passage cells that had reached confluency, were used; two x 105 cells were 
added to 0,5 ml of blood coagulum. Thereafter class II furcation defects were 
induced on the second and fourth mandibular premolars. In the test group the 
coagulum, containing the RPL-cells, were placed whereas in the control defects on 
the contra lateral side, the furcation defect was left open. Sacrifice of the animals 
Also for periodontal studies, although expensive, beagle dogs are the preferential 
model. Boyko et al evaluated the potential use of PDL cells and gingival cells for 
tissue engineering41. In a tooth replantation model, first all premolar teeth were 
extracted. Subsequently, cells from their PDL and attached gingiva were cultured in 
vitro. Hereafter, the lateral incisors were extracted, their PDL and pulps removed 
and the root canals filled. Subsequently, these roots were demineralised and 
thereafter divided into three groups. Cultured gingival cells were attached to those 
in the first group, PDL cells to those in the second and finally no cells to the roots in 
the third (control) group. The roots were transplanted into holes drilled in the 
edentulous premolar region of the mandibular alveolar process and were completely 
submerged during healing. All roots exhibited ankylosis and resorption. Only the 
roots bearing cultured PDL cells were associated with a partial PDL. 
Another study by Isaka et al in a similar approach compared healing after extracting 
the roots of mandibular third premolars42. The roots were divided into two groups, 
a group in which the PDL was preserved, and a group in which the PDL was 
removed. Subsequently, the roots were respectively transplanted into surgically 
created bone cavities with additional buccal and interproximal bone defects. Both 
bone defects and transplanted roots were completely covered with membranes 
and submerged for healing. The defects were allowed to heal for 6 weeks. It was 
concluded that PDL preservation might act in the regeneration of PDL with new 
cementum formation.
Such tooth replantation models could be used to apply tissue engineered constructs 
to roots and thereafter evaluate their potential to regenerate new periodontal tissue. 
Wang et al in investigated periodontal healing after PDGF application onto root 
surfaces43. Fenestration defects (4x4 mm) were surgically created on the posterior 
teeth. In other to create the fenestration defects a flap was reflected on the buccal 
aspect. With burs under continuous cooling, fenestrations were cut through the 
bone to expose the roots. Thereafter the cementum was removed and thereby the 
dentin exposed. Subsequently, one out of four treatment modalities was performed. 
These were either control (saline solution) or one of three test modalities being 1): 
non-resorbable membrane, 2): PDGF or 3): the combination of a non-resorbable 
membrane and PDGF. The animals were sacrificed after 1, 3 or 7 days postoperatively. 
It was concluded that PDGF enhanced fibroblast proliferation in early periodontal 
wound healing, whether used alone or in combination with a non-resorbable 
membrane.
Akizuki et al in a slightly different approach evaluated periodontal healing after 
application of a PDL cell sheet44. First, using PDL cells from extracted premolars, 
PDL cell sheets were fabricated. Then, dehiscence defects were surgically created 
on the buccal surface of the mesial roots of the bilateral mandibular first molars. In 
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after 2 and 5 weeks. It was concluded that application of PDGF and IGF could 
enhance the formation of the periodontal attachment apparatus during early 
phases of wound healing. Interestingly, the clearance of in situ growth factors was 
measured by labelling them with 125I. 
Besides studies in the field of (regenerative) periodontology the dog is also 
commonly used in the field of dental implantology and regenerative bone grafting 
procedures. For example, Meijer et al first extracted all mandibular premolars50. 
After a healing period of three months, four implant types were compared, three at 
each side of the mandible (Figure 6). They concluded, that using a flexible bone 
bonding polymer, implants can be constructed, which have a mobility resembling 
natural teeth, thereby reducing undesired peak stresses.  
Simion et al evaluated different grafting procedures in a vertical ridge augmentation 
(GBR model) model51. Defects were produced by bilateral extraction of all four 
mandibular premolars and subsequently reducing the alveolar ridge about 7-10 
mm in height. After 3 months of healing the area was prepared for the experimental 
grafting procedure with one of the three different combinations. In the first group a 
deproteinized bovine bone block in combination with a collagen membrane was 
used, in the second group the same bone block, but then infused with PDGF 
without a membrane. In the third group the bone block was infused with PDGF and 
subsequently covered by a collagen membrane. All bone blocks were stabilized by 
was executed 42 days postoperatively. From this study, it was concluded that 
regeneration of furcation defects by cell-seeding techniques may be useful, but 
further studies are needed to determine the outcome of the procedure. A similar 
cell approach was described by Doβan et al in 200347. Now artificial fenestration 
defects were regenerated. These fenestrations were surgically created by removing 
the buccal alveolar bone, 5 x 5 mm, with bone chisels, while keeping a three mm of 
marginal bone intact at the coronal border of the defects. Also in this study, they 
concluded that seeding of cells from PDL may be promising to promote periodontal 
regeneration, but needs to be investigated in further studies. 
The defects in previous study were surgically created. Another option is to try to 
create defects by inducing disease instead. For example, Kinoshita et al examined 
periodontal regeneration after applying BMP-2 in a ligature induced periodontitis 
model48. These periodontal defects were created around the second premolars by 
placing silk ligatures around the teeth until the bone loss exceeded half of the root 
length. The distance from the cemento-enamel junction to the remaining alveolar 
crest was approximately five mm, as confirmed on radiographs. Then the ligatures 
were removed. To combat this acute phase of inflammation, for five weeks a plaque 
control regime was executed. Then, flap surgery was performed and the exposed 
cementum removed. For reconstruction, two different materials were used; a carrier 
material with BMP-2 or solely the carrier. These materials were placed inside the 
furcation area surrounding the roots. The flaps were repositioned to cover roots and 
materials completely. Twelve weeks post-operatively, the animals were sacrificed. 
Considerable new bone formation was observed in the BMP-2-treated sites. It was 
concluded that application of BMP-2 could produce considerable periodontal 
tissue regeneration, even in cases of horizontal circumferential defects.
Instead of inducing periodontal defects by applying silk ligatures, one can also 
allow periodontitis to develop spontaneously, when using older beagle dogs49. It 
was hypothesized that the combination of two growth factors, PDGF and insulin 
growth factor (IGF) might enhance periodontal regeneration. Prior to surgery the 
dogs were subjected to supra-gingival cleaning. Two weeks later conventional 
periodontal surgery was performed on all 4 quadrants in beagle dogs with naturally 
occurring periodontal disease. Radiographic evaluation showed an average bone 
loss in between 30 and 60% (measured from the cement-enamel junction to the 
alveolar crest divided by the total length of the root). Also the majority of dogs 
revealed class III furcation defects. If necessary, the pre-existing defects were 
standardized by removing more bone during surgery. At the time of surgery a gel, 
containing both growth factors, was applied in two quadrants, while the contra 
lateral quadrants only received the bare gel. Sacrifice of the animals was executed 
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Figure 6   Three implants placed in the beagle dog [with permission50]
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goats and sheep respectively contribute 0,1% and 0,7% of the totally used animals 
within research.
Although literature reports that the dog is more suitable as a model for human bone 
from a biological standpoint than the sheep, however, adult sheep and goats offer 
the advantage of being of a more similar body weight to humans and having long 
bones of dimensions suitable for the implantation of human implants and 
prostheses31,55.
Regarding bone remodelling, some studies argue that the sheep is still a valuable 
model for human bone turnover and remodelling activity. For example, a study by 
Willie et al, observed bone ingrowth into porous implants placed into the distal 
femur of sheep (a weight-bearing model), and showed that sheep and humans 
have a similar pattern of bone in-growth into porous implants over time56. Although 
sheep are shown to have a larger amount of bone in-growth than humans, it is 
proposed that this is due to the greater amount of cancellous bone in the distal 
femur of sheep, in comparison with humans. Also in femurs of goats the osteointe-
gration and osteoinductive potential of implants installed transcortically (Figure 7) 
can be investigated57. Compared to sheep, also goats are considered to have a 
metabolic rate and bone-remodelling rate similar to that of humans54.
the use of 2 (dental) implants. Healing was allowed for 4 months and after sacrifice 
histology was performed. Histological examination revealed that in the second 
group large amounts of newly formed bone could be observed in the grafted area. 
It was concluded that the combination of a PDGF with a bone block could regenerate 
new bone. 
Sverzut et al aimed to investigate the influence of polylactide membrane permeability 
on the fate of iliac bone graft used to construct mandibular segmental defects52. 
Unilateral 10-mm-wide segmental defects were created in the mandibles in mongrel 
dogs. In order to create these defects both the fourth premolar and the first molar 
were extracted. After a healing period of 2 months, the corpus of the mandible was 
approached from extra-orally. Subsequently, a 10-mm-wide segmental defect was 
created by cutting through the buccal and lingual cortical bone plates, and 
removing the bone segment in between. All defects were mechanically stabilized 
using osteosynthesis material. Six different treatment modalities were evaluated. All 
animals were sacrificed after 6 months. Finally it was concluded that the combination 
of a specific membrane and iliac bone graft efficiently delivered increased bone 
amounts in segmental defects as compared to the other treatment modalities. It has to 
be mentioned that a remarkable number of animals were taken out of the test early 
due to severe complications, such as wound infections and wound dehiscences. 
Jovanovic et al evaluated local bone formation following application of BMP-2 in an 
absorbable collagen sponge carrier with or without membrane53. Surgically induced, 
mandibular alveolar ridge saddle-type defects were created. In preparation of the 
defect the mandibular premolars and first molar were removed. After a healing 
period of three months standard bone defects were created. Full thickness flaps 
were elevated on the buccal and lingual side; thereafter two cuts (10 x15 mm, depth 
x length) were sawed in the edentulous region, approximately 5-10 mm apart. 
Subsequently, the bone segments were removed by means of a chisel, resulting in 
two saddle-type bone defects. Different combinations of BMP-2 and membranes 
were tested. All animals were sacrificed after 12 weeks. The authors concluded that 
BMP-2 appears to be an effective alternative to GBR in the reconstruction of 
advanced alveolar ridge defects. Combining BMP-2 with GBR appeared to be of 
limited value due to the potential for wound failure or persistent seromas.
3.6 Sheep and goat models
In the period of 1990-2001, sheep were used in 9-12% of orthopaedic research 
involving fractures, osteoporosis, bone lengthening and osteoarthritis, in 
comparison with just over 5% in the period from 1980-1989. Goats also were used 
for 8.2% of animal studies published in the Journal of Orthopedic Research (John 
Wiley & Sons, Hoboken, NJ) between 1992 and 1996. Mostly they were used in 
studies of cartilage, meniscal and ligamentous repair54. Within the Netherlands 
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Figure 7   Four implants are transcorticcaly placed into the femur (goat)  
[with permission57]
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Due to the fact that goats and sheep are large animals, implantation studies in the 
long bones can be combined with subcutaneous studies. For example, Bodde et al 
also evaluated the osteoinductive potential of porous calcium phosphate cement60. 
First, the skin was shaved, washed and disinfected, thereafter a 3 cm skin incision 
was made in the center of the back. Subsequently, a subcutaneous pouch was 
created by blunt dissection, immediately the (pre-hardened) cement was placed 
(Figure 9). Implantation time was 3 or 6 months. In conclusion no bone formation 
was found, it was hypothesized that the fast degradation and thereby collapsing of 
the porous structure of the calcium phosphate cement implant might have prevented 
osteoinduction. Kruyt et al. evaluated the potential of tissue-engineered bone61. 
Tissue-engineered constructs were prepared from goat bone mesenchymal stem 
cells and porous calcium phosphate scaffolds. These tissue-engineered constructs 
(TE) or empty scaffolds (without cells) were implanted paired in a critical sized iliac 
wing defects or in a intramuscular defect. After 9 or 12 weeks the animals were 
sacrificed. After 9-weeks implantation in the iliac wing defect, significantly more 
bone apposition was found for the TE group, however after 12 weeks no difference 
was found between the groups anymore. This is in contrast with the intramuscular 
samples where the TE group showed significantly more bone at both time points. 
Gerhart et al evaluated 4 different treatment modalities in a femoral segmental 
defect58. Defects were created in the center of the right femur by removing a 2,5 cm 
bone segment, Stabilisation was achieved by means of osteosynthesis material. 
Four different groups were used, empty defects, demineralized bone matrix, 
combination of demineralized bone matrix and BMP-2, or autogenous bone. Post- 
operative healing was evaluated at 3 months. In the empty defect and the 
demineralized bone graft treated group no bridging of the defect was observed. 
However, in the BMP-2 (mixed with demineralized bone) and the autogenous bone 
group bridging of the defect did occur. Because the BMP-2 group had higher 
bending strength compared to the autogenous group, it was suggested that adding 
BMP-2 to an appropriate carrier could be an alternative to grafting with autogenous 
bone. 
Bodde et al compared bone regeneration after the use of two different ceramic 
(particulated) materials59. These ceramic particles were implanted in sheep 
trabecular bone of the femoral medial condyle. After exposing the medial condyle, 
two holes were drilled into the condyle using gradually increasing different diameter 
drills until a final hole with a diameter of 6 mm and a depth of 9 mm was reached, 
these holes were at least 10 mm apart. Thereafter, the holes were filled with either 
one of the materials (Figure 8). Different healing periods were used; 3, 12, and 26 
weeks. From this study it was concluded that both ceramics are biocompatible and 
osteoconductive. 
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Figure 8   The two different ceramic materials placed into the femoral defects in 
sheep [with permission59]
Figure 9   The porous CaP cement just before delivering it into the pouch  
[with permission60]
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a membrane. Two different healing periods were used either 2 or 6 weeks. This study 
concluded that TGF- ß1 encouraged bone regeneration in Class II furcation defects 
in sheep, an effect enhanced by the presence of a barrier membrane. 
Oortgiesen et al (unpublished data) evaluated an injectable calcium phosphate 
cement in a sinus model. The sinus region was approached from extra-orally via a 
skin incision directly to the lateral wall of the sinus. A round osteotomy with a diameter 
of 12 mm was created using a drill, until the schneiderian membrane was reached. 
Thereafter the bone wall was carefully detached from this membrane. The membrane 
was internally elevated and two holes were drilled to place experimentally designed 
implants, thereafter the calcium phosphate cement was injected, surrounding the 
implants and filling the pouch underneath the membrane. The bone wall, which was 
removed externally, was subsequently replaced (Figure 10). The major drawback in 
this study was the presence of several septa within the sinus, which made it very 
hard to preserve the integrity of the schneiderian membrane.
3.7 Porcine (Pig) model
Pigs are used as experimental animals, as they have quite similar anatomy and 
physiology to that of humans. A disadvantage associated with the use of pigs is 
that they are uncooperative without full general anaesthetic65. Another disadvantage 
of pigs is their large growth rates and excessive final body weight. Nowadays, micro 
pigs and miniature pigs are available which can overcome this problem to some 
The authors concluded that, bone TE is feasible however, the effect of cell seeding 
may be temporary.
Research performed in goats has mainly concentrated upon bone regeneration 
and orthopedic research. Although Suzuki et at published a paper on the possibilities 
of using a miniature (Shiba) goat for periodontal studies62. This study describes the 
possibilities, no treatment has been performed, but one could consider using this 
animal for tissue engineering approaches. They observed spontaneous vertical 
alveolar bone loss and downgrowth of epithelium. In goats, a pathological micro - 
flora similar to humans was present. It was concluded that the clinical, histopatho-
logical, and microbiological features of periodontitis were quite similar to those 
found in human periodontitis. They postulated some advantages; the size of the 
oral cavity is suitable for treatment, and handling and housing are easy. According 
to the authors, these results suggest that the Shiba goat could be a useful animal 
model for studying periodontitis and possible therapies. 
Pinholt et al evaluated whether alveolar ridge augmentation could be induced using 
different osteoconductive materials63. A vertical incision was made in the midline of 
the mandible in the inferior sulcus, from this incision tunnels were created sub-
periostally towards the distal on both side of the incision. The tunnels, or subperiostal 
pouches, are located in the naturally edentulous region in between the incisors and 
the first molar. Within the same animals another defect was created in the front limb, 
a so-called intramuscular pouch. Allogenic, demineralized, and lyophilized dentin 
or bone was implanted. The final conclusion was that no osteoinduction could be 
found using these materials.
Mohammed et al evaluated the effect of TFG-ß1 on wound healing in standardized 
Class II furcation defects64. Two weeks prior to the regenerative procedure, a class II 
furcation defect was surgically created. The defect was created on the second 
two-rooted mandibular premolar. In order to be able to surgically approach this area, 
sometimes the cheek had to be incised. The teeth were cleaned with a curette, and 
thereafter using adhesive dentistry, the knot of a 20 mm long piece of 3-0 silk suture 
material was attached to the buccal surface of the tooth near the furcation region. 
Subsequently a full thickness flap was elevated on the buccal side, 5 mm of bone 
was removed in a corono-apical direction and 3 mm bone was removed horizontally 
into the furcation (in the lingual direction). The free end of the suture material was then 
packed into the created bone defect, as an adjunct to create inflammation, and 
thereafter the flap was sutured. Two weeks after creation of the defect, the surgical 
area was reopened and debrided. One of 3 different treatments were performed 
either carrier alone (control group), or TGF-ß1/carrier, or TGF-ß1/carrier covered with 
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Figure 10   Two implants placed into the calcium phosphate cement augmented 
sinus in a goat
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Also GBR studies have been performed in standardized bone defect. For example 
Strietzel et al evaluated the barrier function of seven different membranes, investigated 
their structural changes at different time points, and finally characterized tissue 
composition and reaction adjacent to the barrier71. The membranes were solely 
used, in other words no bone substitute material was placed underneath the 
membrane. The defects were created from an extra-oral approach. The right inferior 
margin of the mandible was exposed, and thereafter with drills eight standardized 
defects were created, measuring 4 mm in diameter and 8 mm in depth. Samples of 
the defect areas with membranes were harvested after 2 days, 4 and 8 and 12 
weeks. In case of using collagen or synthetic polymer barriers for GBR, it was 
suggested to also apply bone or bone substitutes to prevent membrane prolapse 
into the defect.
3.8 Primate (Monkey) model
From both an anatomical and physiological standpoint, primates resemble humans 
more closely than any other type of animal. The wide range of non-human primate 
species allows appropriate selection for different investigations. The size of the 
animal and thereby the possibilities to study relatively large defects is a positive 
feature as well. Due to the lack of dramatic growth they are ideal for very long-term 
studies, usually over several years. However, ethical considerations restrict their use 
in experimentation in numerous countries especially when other species can be 
used72. Additionally, they are expensive to purchase and to maintain when compared 
to other animals species. 
An example of a monkey study which evaluated the use of two different bone graft 
materials, is the experiment performed by Cancian et al 73. In their study, the biologic 
behaviour of two filler materials, BioGran® and Calcitite®, was compared in surgically 
created cavities in 4 adult monkeys (Cebus apella)73. The surgical cavities were 
prepared through both mandibular cortices, with a diameter of 5 mm, in the angle 
region. Two cavities were prepared on the right side and one on the left and divided 
into 3 groups: 1) sites were filled with bioglass (BioGran®), 2) sites were not filled, 
and 3) sites were filled with hydroxyapatite (Calcitite®). After 180 days the animals 
were sacrificed and specimens were removed for histological processing. Results 
showed no bone formation when the cavities were left empty. BioGran®-treated 
sites showed bone formation and total repair of the bone defect the bioglass 
particles were almost totally resorbed and substituted by bone. The few remaining 
crystals were in intimate contact with newly formed bone. Calcitite® did not allow 
bone formation, and granules inside the cavities were involved by connective 
tissue. Based upon those results, the authors concluded that bioglass resulted in 
total obliteration of the surgical cavity with bone. However hydroxyapatite was present 
in a large amount and involved by connective tissue, without bone formation.
extent66. However, it has to be noticed that these types of pigs are (very) expensive.
Several studies described pigs as having bone-remodelling processes similar to 
humans. In a study comparing the bone regeneration rate of dogs, pigs and 
humans, the authors found that pigs have a more similar rate of bone regeneration 
to humans than do dogs (dog, 1.5-2.0mm/day; pig, 1.2-1.5mm per day; human, 
1.0-1.5mm per day)67. Another study evaluating effects of fluoride on cortical bone 
remodelling in growing pigs showed that control animals have a similar cortical 
bone mineralization rate to humans68.
Lang et al induced periodontal bone defects and evaluated whether replanted 
cultured cells from the periodontium could contribute to new attachment formation69. 
Experimental periodontal defects were induced by placing orthodontic elastics 
around the premolars and molars, in addition metal wires were adhesively attached 
to the teeth with the apical end located at the entrance of the furcation. These 
actions will lead to periodontal breakdown. The elastics and metal wires were 
removed after 62 days. At this time primary cell cultures from alveolar bone and 
PDL were obtained as well. The defects were treated according to the study design 
by flap surgery alone or, replantation of alveolar bone cells and a membrane or, 
replantation of PDL cells and a membrane or, carrier material without cells and a 
membrane or, flap surgery and a membrane or finally, no treatment at all. The study 
showed that replantation of cultured alveolar bone cells leads to formation of new 
cementum and bone, which, in turn, leads to formation of a new attachment. It is 
likely that the cells stabilize the tissue formation in the defect or on the root surface 
in the early phase of wound healing and prevent epithelial down growth. 
A faster method of creating periodontal defect is to surgically remove bone and 
thereafter induce inflammation like Liu et al did70. They explored the potential of 
using PDL stem cells (PDLSCs) to treat periodontal defects. The periodontal lesion 
was generated in the first molars area of miniature pigs by surgical removal of bone 
and subsequent positioning of a silk ligament suture around the cervical portion of 
the tooth. PDLSCs were obtained from extracted teeth of the miniature pigs and 
then expanded ex vivo to enrich PDLSC numbers. When transplanted into the 
surgically created periodontal defect areas, PDLSCs were capable of regenerating 
periodontal tissues, leading to a favourable treatment for periodontitis. This study 
demonstrates the feasibility of using stem cell-mediated tissue engineering to treat 
periodontal diseases.
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ligatures were removed and after a healing period the teeth were cleaned. The 
defects were thereafter surgically treated with various treatment modalities. 
Sacrifice of the animals was 6 months post-operatively. From this study it was 
concluded that a defect morphology directed rationale for periodontal intra-bony 
therapy should be used.
Sculean et al evaluated immunohistochemically the expression of matrix molecules 
associated with periodontal tissues reformed after regenerative periodontal 
treatment77. Chronic intrabony defects were created by surgical removal of 6-8 mm 
of alveolar bone distally of both maxillary and mandibular central incisors and first 
premolars. At the time of the surgery metal strips were adhesively attached to the 
teeth in the region of the defect, in order to create inflammation. A period of 4 weeks 
without any oral hygiene measures followed, thereafter the metal strips were 
removed. Three weeks later the defects were treated with guided tissue regeneration, 
enamel matrix proteins, the combination of both, or access flap surgery. Healing 
period was five months. It was concluded that even after 5 months post-operatively, 
extracellular matrix molecules associated with wound healing and/or remodelling 
are more strongly expressed in regenerated than in intact tissues. Additionally, 
once an environment for periodontal regeneration has been created, the expression 
of extracellular matrix molecules associated with the healing process seems to 
display the same pattern, irrespective of treatment modality.
4. Clinical application
In general animal models are used to test human clinical issues, for example: how 
to regenerate a bone defect. As a result, various products can be developed. 
For example in the USA and Canada recently (2006) a tissue engineering product 
was approved by the FDA, combining a (osteoconductive) calcium phosphate 
scaffold with a growth factor (rhPDGF-BB) (GEM21S®). This is one of the first 
products available relying upon the principles of tissue engineering, combining a 
scaffold with a signalling factor. For approval this product was preclinically tested 
using several different animal models besides (numerous) in vitro studies, such as 
the furcation defect in the beagle dog78,79, a vertical ridge augmentation defect in 
foxhound dogs51, a peri-implant defect in the dog80, and the ligature induced 
periodontitis model in non-human primates81. 
Rutherford et al evaluated a combination of PDGF and dexamethasone with an 
insoluble collagen carrier matrix in an experimental periodontitis model74. In this 
study periodontitis was induced in the second premolar and the first and second 
molar in each quadrant by placing ligatures around the teeth and the weekly 
injections of a know periodontal pathogen; Porphyromonas gingivalis. This let to 
considerable attachment loss after 3-4 months. One week prior to the periodontal 
surgery the ligatures were removed and the teeth were carefully cleaned in order to 
reduce the inflammation. A full thickness flap was elevated and the defects were 
debrided and the teeth were scaled and planed.  Four different treatment modalities 
were tested. Post-operative evaluation was done at 4 weeks, showing that 
periodontal regeneration was present only in the PDGF, dexamethasone and carrier 
treatment modality. The presence of substantial amounts of regenerated 
periodontium suggested that this combination may provide a new therapeutic 
agent for the regeneration of lesions of periodontitis.
Teare et al evaluated transforming growth factor-beta 3 (TGF-β3) for its ability to 
induce periodontal tissue regeneration75. This study uses a heterotopic site to 
develop a material later to be transplanted into periodontal defects. Heterotopic 
ossicles, for transplantation to furcation defects, were induced within the rectus 
abdominis muscle by TGF-β3. Pouches in the rectus abdominis were prepared by 
sharp incision and thereafter blunt dissection. Within these pouches different 
materials were implanted. Class II furcation defects were created bilaterally in the 
maxillary and mandibular molars. These furcation defects were surgically created, 
on the first and second mandibular molars, by removing bone. In bucco-lingual 
direction at least 10 mm of bone was removed in the furcation. Subsequently, the 
teeth were scaled and planed to remove remnants of the original periodontium. 
Three different materials were compared; TGF-β3 in a carrier, or TGF-β3 plus minced 
muscle tissue, or the ossicle (induced by TGF-β3). Sacrificing was executed after 60 
days. It was concluded that substantial regeneration was observed in defects 
implanted with fragments of the ossicles and with TGF-β3 plus minced muscle 
tissue. 
Blumenthal et al compared regenerative outcomes in 2-wall or 3-wall intra-bony 
defects, using various regenerative therapies76. Interproximal, intrabony defects 
were surgically created, with different defect morphologies either three bony walls 
or two bony walls remaining. These defects were surgically created distal of the 
lateral incisor and at least one more site per quadrant, where it would be possible 
to remove 3 mm of bone in a bucco-lingual direction and 5 mm of bone in a 
corono-apical direction, resulting in 3-wall defects. In the opposing jaw the 
remaining buccal wall was removed as well, to create the 2-wall defect. Thereafter 
ligatures were placed into the defect to create inflammation. After 8 weeks the 
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Reduction of the number of laboratory animals may not only be achieved by 
restriction of the number of model species used and by replacement with in vitro 
and in silico tests within the field of tissue engineering, but also by realising the 
potential that tissue engineering constructs themselves have as alternatives to 
animal experiments. Several tissue engineered skin models (namely EPISKIN, 
EpiDerm and SkinEthic) have already been validated by the European Centre for 
the Validation of Alternative Methods (ECVAM) as alternatives for tests of skin 
irritation and corrosivity, replacing the Draize test, which uses living rabbits. Other 
tissue engineering products for toxicological application are being developed: 
apart from products based on tissues similar to human epidermis like corneal and 
oral epithelium, there are promising advances in the field of liver and kidney tissue 
engineering82. But tissue engineering constructs may also be used for other 
applications. Because of their 3D structure and the possibility to use human cells, 
they are highly suitable both as tissue models for studying normal human 
physiology83 and as disease models84,85. In conclusion, tissue engineering itself 
might make a significant contribution to the expansion of the field of alternatives to 
animal experiments.
7. Limitations/critical view
Animals can never represent the exact human situation, however they offer 
possibilities to get background information about biological principles. In most 
regenerative periodontal research the defects that are treated do not originate from 
an inflammation causing periodontal breakdown but rather from (manually) created 
defects that only resemble the natural occurring defects. 
Only some studies use animals that actually develop periodontitis spontaneously, 
for example the (older) beagle dog. Besides the positive point that these defects 
are naturally caused, it poses negative aspects as well. The defects will obviously 
never be standardized, so it will be challenging to compare treatment outcomes.
In bone regenerative surgery, more or less the same problems occur; defects that 
have to be treated in humans arise from congenital deformities, accidents and 
(malignant) diseases and therefore are never standardized. Human reconstructive 
surgery after a car accident can hardly be compared to any animal model. BUT, 
one has to keep in mind that, in order to develop materials animals offer valuable 
possibilities to unravel biological events, on the road to developing the ultimate 
material for a specific purpose.    
A critical note should be that after a product is commercially available generally the 
results obtained in the animal studies are not (often) compared to the results in the 
human studies. The knowledge from these comparisons could be useful in 
5. Expert opinion
To start with, it would be advantageous if tissue engineered products for a specific 
application like periodontal or bone regeneration, would all be tested in a similar 
pathway of experiments (series) . Testing materials in a similar track makes it easier 
to compare results of products. In addition, if a product becomes available, then it 
is possible to compare the clinical outcome to the earlier pre-clinically obtained 
results. In case of a positive outcome in these “screening experiments” more 
specific models can be designed that match the eventual clinical application more. 
As such, within a certain limit of time a more or less efficient pathway can be 
designed.
Keeping in mind that research also has financial consequences a first step into 
designing such a pathway could be a pouch model (subcutaneously or intramus-
cularly) in either the mouse or rat to check tissue responses to a certain tissue-en-
gineered material. Positive aspects of these rodents, besides the reasonable costs 
and good availability, are the opportunities to use immune-suppressed animals, 
giving possibilities to use cell-based constructs, which even do not necessarily 
have to be taken from the same animal or even the same species. A next step for 
the use of a bone substitute could be using a cranial defect in the rat, either one in 
the center or two defects one on each side of the midline, as previously described. 
If the ultimate goal of the specific construct is the application in load-bearing parts 
of the body, this also can be tested, for example by using a segmental bone defect, 
such as in a limp of a rabbit, dog, or sheep/goat. Dogs in different models are 
commonly used in periodontal and bone regenerative research, because of the 
(intra-oral) size. Like the (miniature) pig the major disadvantage are the costs. 
Therefore, using large animals is one of the last steps in a series of experiments 
showing consistent positive results with a certain material. In addition, it is of great 
importance to evaluate the (clinical) human results and to use these results to 
adjust the series of animal experiments.
6. 5-year perspective
The development of new technologies and substitutes as an alternative to animal 
testing is important to enhance our knowledge of medicine as well as prevent and 
treat disease without the use of animals. As the need for alternatives increases, 
more funding will hopefully be directed to the development of animal testing 
alternatives, which means successful new treatments for disease without the use of 
animals in testing. 
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designing pathways to more effectively test products in the right models, thereby 
making the preclinical studies more valuable. 
8. Conclusions/summary
When thinking of, or actually creating, tissue engineered constructs sooner or later 
the need for clinical testing occurs. Obviously besides testing for safety also the 
effectiveness of the created material has to be studied. If possible histology is 
preferred as the ultimate proof. That is why animal models still today are unavoidable 
and useful. Often it is difficult to choose the appropriate animal, and thereafter it 
might be even more difficult to choose the best suitable defect model. In other 
words it is highly dependent on the study what is the best animal to use, since the 
universally “gold animal model” does not exist, and then the defect site still has to 
be chosen. Another important issue, although it has nothing to do with the validity 
of research, is the financial consequence of the choice. For example it could be 
advantageous to use the non-human primate for periodontal regenerative research, 
but on the other hand if you can get results in a rat experiment, it would be possible 
to conduct, with the same amount of money, more experiments. The challenge is 
that,  you have to find a model, that will present  results representative for the human 
application spending as little money as possible.
Various interesting models are currently used in regenerative medicine, all with their 
specific positive and negative aspects. One has to try to find and use the best 
compromise overlooking all these aspects in a well designed (series of) 
experiment(s), resulting in the best results using as little animals as possible. 
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1. Introduction 
The periodontium comprises the root cementum, the periodontal ligament (PDL) 
and the alveolar bone. Of these entities, the PDL is a flexible, fibrous suspension 
system connecting the dental root to the surrounding alveolar bone. Unfortunately, 
breakdown of the periodontium may occur due to an accumulation of bacteria that 
adhere to and grow on the tooth surface, along with an overly aggressive immune 
response against these bacteria. From demographic studies it is known that over 
18% of individuals over 36 years of age exhibit loss of the periodontal tissues and 
even over 12% of individuals experience advanced clinical attachment loss1. If left 
untreated, these patients may even suffer from tooth loss2. Currently, approaches 
such as removal of plaque and calculus aim at preventing the disease. In case of 
periodontitis, professional cleaning (scaling and rootplaning) is being used to 
prevent progress of the disease (“cause-related periodontal therapy”). In other 
words, periodontal therapy is directed at disease prevention, slowing or arresting 
disease progression, and maintaining achieved therapeutic objectives, such as 
clinically reduced pocket probing depths3. Unfortunately, these treatments only 
lead to repair of the periodontal tissues, characterized by a long junctional 
epithelium along the treated root surface and do not result into formation of 
cementum with an associated PDL4. It would be more desirable to aim for 
periodontal regeneration with new deposition of acellular cement, regrowth of a 
functional PDL and its insertion in bone and cementum, and new alveolar bone5. 
According to the glossary of periodontal terms6 periodontal regeneration is the 
reproduction or reconstruction of a lost or injured part so that form and function of 
these lost structures are restored. Several procedures, like guided tissue 
regeneration (GTR), use of growth factors, such as Emdogain® (Straumann, Basel, 
Switzerland) and root surface modification have been described with marked 
differences in clinical outcome7. However, effective and safe procedures for 
periodontal regeneration using tissue engineering8 are still in the early stages of 
investigation and require pre-clinical screening models. In humans obviously it is 
possible to study periodontal regeneration, but proof of periodontal regeneration 
can only be determined by histological evaluation. Therefore, several models for 
studying repair or regeneration of periodontal defects in various species have been 
introduced (Table 1). Obviously, each animal model has inherent advantages and 
disadvantages (Table 1). The most frequently used model the rat is small and 
cheap, while the dog and the non-human primate are large but expensive and not 
well suited for early stage evaluation. A well recognized problem is that, to study 
periodontal regeneration, until now no reproducible “intermediate” sized animal 
model is available, that allows the preparation of an appropriate defect size in which 
it will be possible to study tissue-engineered constructs designed to stimulate 
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periodontal regeneration. A good candidate in this respect could be the rabbit. A 
lateral radiograph of the rabbit skull, illustrating the roots of the 2 premolars and the 
3 molars in the mandible8 is depicted in Figure 1. It must be realized, that with respect 
to tooth anatomy, some distinct differences compared to the human situation are 
present. In rabbits the teeth have open apices, they continuously erupt, and their 
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Table 1   Current animals models used in periodontal research modified from 
Wang19 and Weinberg20   
Animal 
Positive aspects Negative aspects
Non 
human 
primate11
1. Comparable dental anatomy
2. Comparable periodontal wound 
healing 
3. Suitable for studying furcation 
defects
4. Experimentally induced defects 
do not spontaneously regenerate
5. Natural occurring plaque and 
calculus
1. Expensive purchase and 
maintenance 
2. Hard to handle
3. Potentially infectious
4. Ethical debate
Dog20 1. Susceptible to periodontal 
disease
2. Reasonable number and size of 
defects
3. Suitable for studying furcation 
defects
4. Simple morphology of the roots
5. Docile temperament
1. Much faster bone turnover rate 
and a different architecture and 
thickness of bone
2. Great inter-animal variability
3. Purchase and maintenance 
expensive
4. Ethical debate
Minipig18 1. Histologically, the inflammatory 
process is similar to human 
situation
2. In older animals (>16 months) 
naturally occurring periodontitis 
with pocket depth >4 mm, can be 
increased using ligatures
3. Suitable for studying furcation 
defects
1. Expensive purchase and 
maintenance
Rat21 1. Most histological features of 
epithelium and connective tissue 
similar to humans
2. Cheap purchase and 
maintenance
1. Wear of occlusal surfaces 
(causes changes in tooth 
position)
2. Continuous eruption
3. Small dimensions, potential 
surgical difficulties due to the size
4. Number and size of defects 
limited 
Table 1   Continued  
Animal 
Positive aspects Negative aspects
Ferret22,23 1. Occurrence of periodontal 
disease
2. Spontaneous calculus formation
3. Course of periodontal lesions 
similar pathway as in human
 
1. Limited research has been done
2. Small dimensions
3. Potential surgical difficulties due 
to the size
4. Number and size of defects 
limited
Hamster23 1. Mouth opening almost 180 
degrees
2. Periodontitis can be introduced 
using ligaments
1. Wear of occlusal surfaces (cause 
progressive changes in tooth 
position)
2. Small dimensions
3. Primarily horizontal bone loss 
when inducing periodontitis
Figure 1   Lateral radiograph of the rabbit skull showing the bone and the roots of 
the two premolars and the three molars in the mandible. The lower half 
of the (black) circle is outlining the potential surgical site
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the lateral cortex of the mandible. Care was taken to respect the soft tissue, thereby 
preventing a communication to the intra-oral environment. After elevating a full 
thickness flap (Figure 2b), fenestration defects were created by removing the 
cortical bone with the chisel-like tip (OP1) of an ultrasonic device (Piezosurgery® 
Mectron, Carasco, Italy) using constant cooling with sterile saline. Thereafter, hand 
instruments (curettes) were used until the PDL was identified. The roots of the two 
most distal molars (which are one-rooted) were carefully planed to ensure that the 
cementum, the PDL and remnants of bone were completely removed. The 
dimensions of the non-critical sized (bone) defects were approximately 4 x 6 mm 
(Figure 2c) and left empty according to the study protocol, in order to study the 
defects in time. Subsequently, the soft tissue flaps were closed with resorbable 
sutures (4-0) in 2 separate layers (sub-cutis and cutis).  At each time point, after 2, 
4, 6, 8, 10 and 12 weeks, the animals were sacrificed in pairs by an overdose of 
Nembutal® intravenously (pentobarbital, CEVA Sante Animale BV, Libourne, 
France). Retrieved samples were processed for histology. 
2.3 Histological preparation
After euthanizing the animals, the mandibles were dissected and split in the middle. 
Subsequently, excess tissue was removed. The specimens were fixed in buffered 
formaldehyde (pH 7,4) 10% and dehydrated in a graded series of ethanol (70-100%). 
Thereafter, they were embedded (non-decalcified) in methylmethacrylate (MMA). 
After polymerization of the MMA, sections (10-20 µm) were prepared using a 
diamond blade sawing microtome (Leica Microsystems SP 1600, Nussloch, Germany)10. 
Sections were cut in a bucco-lingual direction and subsequently stained with basic 
fuchsin and methylene blue. 
“roots” are partially covered by enamel9. In fact, the continuously growing rabbit 
molars do not exhibit an anatomic division into crown and root unlike the human 
situation. In all regions of the tooth, either covered with enamel or dentin, acellular 
cement is present for the PDL to attach to9. To our knowledge, so far, no successful 
rabbit models are described in which periodontal regeneration can be evaluated.
Therefore, the aim of this study is to evaluate rabbits as a potential animal model for 
studying periodontal regeneration.  
2. Materials and Methods
2.1 Animals
Twelve healthy adult female New Zealand white rabbits, weighing about 3.2-3.8 kg 
were used for this experiment. The animal ethical committee of Radboud Nijmegen 
University approved the application for this animals study (approved project 
number RU-DEC 2007-045).  All animals were handled in accordance with the 
national guidelines for the care and use of laboratory animals. All animals were 
screened for good physical condition and had a known specific pathogen free 
(SPF) status. The rabbits were allowed to accommodate to their new environment 
2 weeks prior to surgery. Medium-hard food pellets and water were provided ad 
libitum, but was withheld overnight (14 hours) pre-operatively.
2.2 Surgical procedures
Surgery was performed under general inhalation anaesthesia. The anaesthesia 
was induced by an intravenous (i.v.) injection of Hypnomidate® (etomidate, Janssen- 
Cilag B.V. Tilburg, The Netherlands) and maintained by a mixture of nitrous oxide, 
isoflurane and oxygen through a constant volume ventilator. The body temperature 
of the animals was maintained at 37ºC using a heating pad. The rabbits were connected 
to a heart monitor. To minimize postoperative pain, Temgesic® (buprenorfine 0.05 
mg/kg intramuscularly (i.m.), Schering-Plough, Heist-op-den-Berg, Belgium) and 
Rimadyl® (carprofen 4 mg/kg subcutaneously (s.c.), Pfizer, Capelle aan de IJssel, 
The Netherlands) were administrated preoperatively and continued for 1 respectively 
2 days post operatively. To reduce peri-operative infection risk, as an antibiotic 
prophylaxis Baytril® (enrofloxacin 5-10 mg/kg (s.c.), Bayer HealthCare, Mijdrecht, 
The Netherlands) was given.
During the anaesthesia the rabbits were immobilized on their backs. In each animal, 
bilaterally periodontal defects were created. In advance, the peri-mandibular and 
cervical areas were shaved, washed and disinfected with povidone-iodine. A 20 mm 
longitudinal extra-oral (skin) incision was made along the inferior border of the 
mandible (Figure 2a). Subsequently, a full thickness flap was elevated to expose 
chapter 3 Fenestration DeFects in the rabbit Jaw
3
Figure 2   A) A longitudinal extra-oral (skin) incision was made along the  
inferior border of the mandible B) Elevation of a full thickness flap  
C) The periodontal defect exposing two roots indicated by the  
two black arrows
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finding in all of the samples (Figure 4). Complete bridging of the bony defect was 
not observed. Healing of the bone defect consisted of new woven bone, starting 
from the edges of the defect, while in the centre still soft connective tissue was 
present. The new bone contained more and larger marrow spaces when compared 
to the surrounding original bone. At the root surface direct bone apposition onto the 
enamel surface was seen (Figure 5), in contrast to the human situation this does not 
cause ankylosis. It is considered to be bone because it can be distinguished from 
cementum by the presence of blood vessels, which are absent in cementum. 
Damage of the dentin layer caused by the tip of the ultrasonic device can be seen 
as well. In all specimens surgery had not only removed soft tissue of the PDL but 
also a certain amount of root dentin; in two specimens even the root was fractured 
completely. In two weeks the root had erupted over a distance of 5.44 mm (Figure 3, 
indicated by the red line). Therefore, the part of the root, which flanked the original 
defect, had already shifted upwards. At the site of the original bone defect the PDL 
showed a normal aspect without any inflammatory reaction.
3.3 Histological evaluation 4 weeks
Macroscopically, the defects could still be distinguished from the surrounding bone 
tissue, due to differences in color and morphology. Healing involved a combination 
of repair and regeneration. Woven bone had formed without clear orientation of the 
new cells, and contained larger and a great numbers of marrow spaces than the 
old bone. Compared to the two-week results, the bone density/organization had 
2.4 Histological and histomorphometrical evaluation 
The histological evaluation was performed using a light microscope (Leica MZ12, 
Leica BV, Rijswijk, The Netherlands) and included a description of the observed 
tissue response. Additionally, microscopic images were projected on a colour 
monitor using a CCD/RGB camera (Sony DXC151P, Wetzlar, Germany), and digital 
image analysis software (Leica Qwin Pro-image analysis system, Wetzlar, Germany) 
was used for the histomorphometrical evaluation. The following parameters (Figure 3) 
were analyzed:
1. The size of the bony defect (BD): The width of the bony defect as measured 
from the apical (lower) border to the coronal (upper) border.
2. Eruption of the tooth (ER): The middle of the bony defect was projected upon 
the root and subsequently compared to the middle of the root defect
In each of the six groups, two animals were present in which bilateral defects were 
created, resulting in a total of four defects per group. Per defect three separate 
histological sections were made. Subsequently, each measurement was performed 
in three-fold per section. The average of the three sections gave one value per defect.
3. Results
3.1 Experimental animals
All twelve rabbits in this experiment remained in good health and did not show any 
wound complication after surgery. In the first two post-operative days, three animals 
lost weight less than 3%. After feeding with extra grass hays, these animals 
increased in body weight compared to the pre-operative levels. No visual signs of 
inflammatory or other adverse tissue reactions were observed.
3.2 Histological evaluation 2 weeks
Macroscopically, the defects could be identified by an altered appearance of the 
bone texture, which was more porous and slightly darker in colour. As depicted in 
Figure 3, microscopically the pre-surgical borders of the defect were clearly defined 
(indicated by green line on the lower right of the picture). 
In contrast to regeneration, periodontal repair is the continuum of healing; during 
which disrupted (lost) tissues are restored by other than the original tissues and 
thereby do not replicate their original structure and function. Obviously, in this 
experiment a combination of repair and partial (bone) regeneration can be observed 
as indicated by the absence of a normal PDL. At the root surface bone apposition 
can be observed instead of a PDL and cementum. Angiogenesis was a distinct 
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Figure 3   Histomorphometrical measurements in an overview Figure after two 
weeks. Original magnification 1x
BD: The width of the bony defect 
measured from the apical (lower) 
border to the coronal (upper) border 
(indicated by the green line in the 
lower right of the Figure)
ER: Eruption of the tooth. The middle 
of the bony defect was projected upon 
the root compared to the middle of the 
root defect (indicated by the red line in 
the center of the Figure)
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the root dentin with defect had already shifted into the oral cavity and was lost by 
occlusal wear.   
3.5 Histological evaluation 8 and 10 weeks
For the histological outcome after 8 and 10 weeks, no major differences were 
observed between these time points. Maturation of the surgically created 
fenestration defect progressed, indicated by a further increase in cortical thickness 
and organization of both the cortical and trabecular bone. In some specimens the 
alternating pattern of enamel and dentin, as typical for the rabbit root, could be 
increased and the cortical layer was now intact and the defect closed (Figure 6). 
Still difference in thickness between the newly formed cortical layer and the 
non-operated can be noticed (Figure 7). At the root surface the forming PDL 
seemed thicker, compared to the original width, as compared to the non-operated 
side. More apical of the surgically created defect the PDL had a normal appearance. 
In some specimens remnants of bone chips and/or root dentin were seen even 
within the PDL. Probably these bone chips were left due to the piezo-electric 
surgery and thereafter encapsulated within the PDL. At the location of the already 
upwards-shifted defect, the PDL had regained its normal anatomical appearance. 
However, in the region of the original bone defect, there was no clear orientation of 
the PDL cells.
3.4 Histological evaluation 6 weeks
Visual inspection showed no clear distinction between the defects and surrounding 
bone tissue. A maturing bone defect with stretching of the osteocytes was observed; 
the cortical bone over the defect was thicker, but still less than the original bone. 
PDL looked normal in most regions while in other areas layers of bone had been 
deposited directly onto the dentine/enamel surface. In most specimens the defect 
in the root could not be identified, indicating that, due to the continuous eruption, 
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Figure 4  Angiogenesis indicated by 
the symbol * in the picture 
in a 2 week sample. Original 
magnification 20x
Figure 6  Intact cortical bone layer, 
containing larger and 
greater number of marrow 
spaces. Two black arrows 
indicating the defect  
4 weeks post operatively. 
Original magnification 1x
Figure 7  Difference in thickness 
between the pre-existing 
bone and the newly formed 
bone indicated by the  
two black arrows. Original 
magnification 2.5x
Figure 5  Direct bone apposition onto 
the enamel surface indicated 
by the two white arrows. 
Original magnification 5x
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that in some specimens, specifically due to the limited dentin bulk at the open apex, 
the apical part of the root fractured. To avoid this complication, a more coronal 
positioned defect can be created. Histological observation led to the impression 
that the more severely the root was damaged the less fast the root erupted. 
Healing of the fenestration defect followed a pattern of initial repair and spontaneous 
regeneration. Synchronically to the eruption process, new PDL was formed, together 
with a layer of (acellular) cementum. Initiated by local cells, also the alveolar defect 
was restored; from all edges of the defect bone was formed to bridge the defect in 
clearly seen (Figure 8). Also, a normal thickness and organization of the PDL was 
observed in the region of the original bone defect.
3.6 Histological evaluation 12 weeks
Macroscopically the defect could not be distinguished from the surrounding tissues 
anymore. Complete regrowth of the tooth and its periodontium was observed 
(Figure 9). It must be emphasized that although the area of the surgery was 
completely regenerated showing a natural functional anatomy, regeneration was 
induced only partly from the original defect. Especially the PDL was rather being 
replaced than regenerated as a consequence of the continuous eruption. With 
respect to bone thickness, PDL, as well as the orientation of the bone cells, no 
differences compared to the non-operated areas were observed. 
3.7 Histomorphometrical evaluation
Only at the 2-week time point the eruption could actually be measured. At the other 
time points this was impossible either due to the progressed eruption or because 
of the pronounced root curvature. The mean bony defect was 4.4±0.5 mm (mean 
± standard deviation) in height and 5.5±0.5 (mean ± standard deviation) in length. 
After 2 weeks the length of eruption was 5.4 mm (average of 2.7 mm/week).    
4. Discussion
In this study fenestration defects in rabbits were evaluated as a potential new model 
for evaluating periodontal regeneration strategies in tissue engineering. Compared 
to the small sized models, such as mouse or rat, or the large models, like dogs or 
non-human primates, the rabbit serves as an intermediate model, in size, handling, 
and in costs11,12. Before actually evaluating regenerative constructs in a rabbit it is 
essential to collect data on its regular healing pattern in time to determine the 
optimal healing time for potential further studies. So in an attempt to design a new 
model to study periodontal regeneration, obviously one has to be aware of the 
anatomy and periodontal wound healing after creation of a defect. 
During the surgical approach, it is essential to bypass the facial artery, to prevent 
severe bleeding. By initially making a superficial incision, this vessel can be easily 
identified, and to preserve its integrity, subsequently freed from the surrounding 
tissues. A commercially available piezoelectric device (Piezosurgery® Mectron, Italy 
provided by Robouw, The Netherlands) was used to create the fenestration defects. 
This device, characterized by piezoelectric ultrasonic vibrations only results in an 
effective reduction of the hard tissues, such as bone and dentin. If contact with the 
soft tissues occurs, these will remain undamaged13. Histological evaluation elucidated 
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Figure 9  Histological overview after 
12 weeks, the original  
defect side depicted by  
the symbol *.  
Original magnification 1x
Figure 8  The alternating pattern of 
enamel and dentin. The 
E depicting the enamel 
surfaces and the D depicting 
the dentin surfaces, alveolar 
bone can also observed. 
Original magnification 2.5x
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time. This bone healing process seemed to progress without specific relation to the 
PDL healing. Both these processes can therefore be seen as two separate entities. 
Already, after 6 weeks, the original defects were hard to discern. Additionally, due 
to the eruption, the root defect already was shifted upwards and could not be 
observed anymore. This experiment corroborates the literature stating that for 
rabbit molars the average eruption speed is two or three millimetre per week14,15. 
Continuous tooth eruption has also been described for incisors in rats. Surprisingly, 
in contrast to rabbits, rat molars show this continuous eruption feature to a much 
lesser extent. 
In contrast to periodontal bone loss as a consequence of periodontitis (ligature-
induced model), in this study surgically created defects were made via an extra-oral 
approach. As an advantage such defects can be prepared in a reproducible 
manner, thereby allowing various treatment modalities to be compared. Moreover 
the operator has a good view at his operation field. However, as a drawback, 
surgically created defects show more spontaneous regeneration. Although others 
have induced periodontitis in the rabbit successfully by means of ligatures16, they 
did not aim to regenerate such defects. 
In our opinion this specific model is not appropriate due to the irreproducibility of 
the induced baseline defects. Another drawback is that these intra-oral defects are 
limited in size and accessibility. Moreover, as a parallel to our study, probably due 
to the fast eruption the intrabony defects in the rabbit will be, at least partly, 
spontaneously regenerated during the eruption process after ligature removal, 
which is, of course, in contrast to the human situation.  For initial testing of a tissue-
engineered material it is preferable to test the material without the risk of 
contamination with the intra-oral environment. Therefore, other than intra-oral 
approaches have been advocated like the subcutaneous pouch model17. However, 
this pouch model is no equivalent of the periodontal environment, as is the present 
model.  
5. Conclusion
In rabbits, artificially created periodontal defects cannot sufficiently be evaluated 
due to the high eruption speed of the teeth. The presented rabbit model is therefore 
less suitable for studies in periodontal regeneration due to the observation that in 
rabbits the PDL is not restored but rather replaced.
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1. Introduction
The periodontium (tissues surrounding teeth) comprises the periodontal ligament 
(PDL), the root cementum and the alveolar bone. Periodontitis is an inflammatory 
disease caused by a microbial challenge in a susceptible host. Due to the inflammation, 
PDL, bone and cementum are destroyed, which eventually might lead to tooth loss. 
Current treatments of periodontitis consist of removal of plaque and calculus, which 
indeed prevents further disease progression, but these treatments do not regenerate 
the lost tissues. Instead, histological studies have shown epithelial downgrowth, a 
mere reparative type of healing1. Many recent studies focus on treatment strategies 
to achieve actual regeneration of the PDL rather than repair. 
In vivo, the PDL is a well-organized flexible, fibrous suspension system connecting 
the dental root to the surrounding alveolar bone. PDL cells are continuously subjected 
to mechanical stress due to mastication, transmitting forces from the tooth to the 
alveolar bone. Research has shown that PDL cell behavior, including differentiation 
to great extent, is governed by such mechanical loading. Hence, the use of 
mechanical strain is one of the methods that are currently used to stimulate and 
differentiate PDL cells for tissue engineering purposes. Another option is the use of 
enamel matrix derivative (EMD, commercially available as Emdogain®, Straumann®, 
Basel, Switzerland), currently clinically used to regenerate periodontium. Enamel 
matrix proteins are secreted by Hertwig’s epithelial root sheath during tooth 
development and are involved in cementum formation, preceding it in deposition 
order2-4. Gestrelius et al studied the effect of EMD on PDL cells in vitro, and 
concluded that EMD stimulated cellular proliferation, protein/collagen production and 
formation of mineralized nodules in PDL cells5. Several other authors corroborated 
the proliferative and stimulating effects of EMD on PDL cells6,7. 
From a practical point of view, periodontal tissue-engineering would include PDL 
cells that are expanded in vitro, placed into a resorbable scaffold, and after 
optimization subsequently can be delivered to a periodontal defect in vivo. 
Accordingly, it would be optimal to create an artificial, 3-dimensional (3D) PDL 
space in which cells can be stimulated. In this way the in vivo situation can be 
simulated in vitro, and the effect of strain or other stimuli on PDL cells can be 
studied. Yet, a controlled and easy applicable in vitro model that allows for the 
evaluation of multiple factors does not exist. Recently, a 3D model for studying 
ligament regeneration was described8. However it was mentioned that the 
experimental set-up was complicated, and the amount of tissue that could be 
created was very limited (only 20 µl). 
Therefore, the major purpose is to develop a new, but relatively simple 3D model that 
can be used to examine fundamental aspects of PDL under loading and chemical 
stimulation, which in the long run can serve as construct to implant into periodontal 
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2.2 Medium containing EMD
For the experimental medium containing EMD (EM), in 90 ml of the previously 
described medium (BM) 0.3 ml EMD was dissolved. In detail, the plunger of the 
EMD syringe was carefully removed, subsequently 50 µl of EMD was taken out with 
a sterile pipette and added to the 90 ml medium (BM). Gentle rotations of the 
medium with the EMD were made until the EMD was completely dissolved, this 
method was repeated until all EMD (0.3 ml) was dissolved in the 90 ml medium. The 
final concentration of EMD was 100 µg/ml. This medium (EM) was used throughout 
the entire experiment, however, freshly prepared before each cell culture was 
started.
2.3 Substrates and coverslips
Elastomer silicone rubber dishes were prepared by mixing Elastosil A and Elastosil 
B (polydimethylsiloxane, Elastosil RT 601; Wacker-Chemie, München, Germany) in 
a 1:10 ratio. This mixture was poured into acrylic dish molds, left at room temperature 
for 2 hours to remove air bubbles, and then placed in a furnace at 60 ºC for 24 
hours. Subsequently, the dishes were carefully removed from the template, cleaned 
with a 10% detergent (LiquinoxÒ; Alconox Inc., White Plains, NY) in MilliQ water, 
washed 10 times with pure MilliQ, rinsed with 100% ethanol, and autoclaved at 
121 °C for 15 min. Thereafter, the dishes were stored until further use. Immediately 
prior to cell seeding, a radio frequency glow discharge (RFGD) treatment (Harrick 
Scientific Corp., Ossining, NY, USA) for 5 min at 100 mTorr Argon was performed. 
Plastic coverslips were cut out of polystyrene petri-dishes (Greiner Bio-One GmbH, 
Kremsmünster, Austria) into square 27 × 24 mm (L × W mm) plates. The top of the 
plate was marked with a small indentation, and 9 perforations (diameter 1 mm) 
were drilled, evenly distributed around the plate (Figure 1A). Subsequently, the 
coverslips were cleaned and subjected to RFGD treatment as described above. 
2.4 Collagen gel containing PDL cells
On ice, and while continuously shaking vigorously, 20 µl of 10 times concentrated 
phosphate buffered saline (PBS) was mixed with 3 µl 1N NaOH, 43 µl MilliQ, 124 µl 
of collagen solution (rat tail collagen type I; Becton Dickinson, Breda, The 
Netherlands), and 10 µl cell solution containing 5×104 cells. A total of 180 µl of this 
solution was injected onto the bottom of the silicone dish, resulting in an average 
thickness of PDL space of 200 µm. Subsequently, the plastic cover slip with pores 
and a stainless steel holding ring (5mm height × 15mm diameter, weight 1.0g) were 
placed to secure the position of the gel (Figure 1B). Thereafter, the dish was placed 
in a cell culture incubator in order to set the collagen gel at 37 ˚C. After gelling for 
30 minutes, 2.5 ml of BM or EM medium was added to each sample.
defects. This type of research will enable us to gain better insight into the mechanisms 
that govern the formation of the PDL in vivo, but are also applicable to other tendon/
ligament related fields. We hypothesize that PDL cells will be affected by mechanical 
loading, either or not in combination with EMD, in such a 3D model.
2. Materials and Methods
2.1 PDL fibroblasts
PDL fibroblasts were isolated from incisors of 40–43-day-old male Wistar rats. 
Extracted incisors were washed in phosphate buffered saline (PBS) and 
subsequently washed 3 times in MEM-a medium, containing 600 µg/ml gentamycin 
and 2,5 mg/ml fungizone (all from Gibco BRL, Life Technologies BV, Breda, The 
Netherlands). A primary culture procedure of PDL cells was followed according to 
Mailhot and coworkers9. Briefly, PDL was scraped from the middle third of the roots, 
avoiding contamination of epithelial or pulpal cells, by using a sterile scalpel. The 
freed portions of the PDL were minced and transferred to a T-25 flask, filled with 5 
ml of basic medium (BM), i.e. a-MEM containing 20% fetal calf serum (FCS), 60 mg/
ml gentamycin, 0.25 mg/ml fungizone, and placed in a humidified atmosphere of 
95% air, 5% CO2 at 37 °C. Thereafter, medium was refreshed every 2 to 3 days. 
Upon sub confluency, cells were released with trypsin/EDTA (0.25% w/v crude 
trypsin, 1 mM EDTA, pH 7.2) and sub-cultured for 4 passages in T-75 flasks. The 
cells were counted using a Coulter® Counter (Coulter Electronics, Luton, UK) and 
subsequently frozen until further use. For fluorescent cell observation, a similar cell 
type was derived from a green fluorescent protein (GFP) transgenic Sprague–
Dawley rat10-11. Cells of passage 4-6 were used in this study.
Alkaline phosphatase (ALP) activity was assessed to ensure that the PDL nature of 
the cells. Cells of three sources (PDL, gingival, and alveolar bone) from passage 4 
were seeded in 24-well plates (2 × 104 cells /cm2) and cultured in osteogenic 
medium containing 10% FCS (Gibco), 50 µg/mL ascorbic acid (Sigma-Aldrych, 
Zwijndrecht, the Netherlands), 10 mM Na-β-glycerophosphate (Sigma), and 10-8 M 
dexametasone (Sigma). After 2 weeks of culture, medium was removed and 
samples were washed twice with PBS. Subsequently, 1 ml MilliQ water was added 
into each well. After two freeze-thaw cycles, the supernatants were assessed for 
ALP activity. For this, 20 µl of 0.5 M 2-amino-2-methyl-1-propanol was added to 80 
µl of sample. Next, 100 µl of p-nitrophenyl phosphate substrate solution was added. 
Mixtures were incubated at 37°C for 1h and ALP activity was measured at 405 nm 
using an ELISA microplate reader (Bio-Tek Instruments Inc, USA). All PDL cells 
used in this study showed ALP activity intermediate to alveolar bone and gingival 
fibroblasts. 
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were made with excitation wavelength 488 nm and emission wavelengths of 550 
nm. The single XY scan had an optical slice thickness of 1.5 µm. Three-dimension-
al projections were digitally reconstituted from stacks of confocal optical slices 
(Olympus, FV1000 version 1.6). Animations of top-down view were made by 
importing sequential images into Image J software. All observations were performed 
in duplicate for all groups.
2.5 Loading regime/mechanical stimulation
To examine the effect of mechanical stimulation, unilateral cyclic stretch with an 8% 
magnitude and frequency of 1 Hz was applied for 1, 3, or 5 days, in parallel direction 
to the longitudinal side of the silicone dish. The mechanical loading was applied 
intermittently, i.e. 15 minutes of stretch and 15 minutes of rest for 8 hours, after an 
initial static period of 16 hours12. 
2.6  Fluorescence microscopy for cell distribution, cell 
orientation and cell number 
To observe cell distribution and cell orientation, collagen gels containing GFP-PDL 
cells were observed with an automated fluorescent microscope (Axio Imager 
Microscope Z1; Carl Zeiss Micro imaging GmbH, Göttingen, Germany) set at 
magnification of 20× at the time points 1 hour after cell seeding; and day 1, 3 and 5 
day of culture. For each sample, over 100 microscopic fields were randomly selected 
and cells were examined and counted. For overall orientation with respect to the 
stretch direction, Image J software (Image J, National Institutes of Health, Bethesda, 
MD, USA) was used. Only cells that were extended, not in contact with other cells and 
not in contact with the image perimeter, were included in the measurement. Median 
angles and standard deviations were calculated and groups were compared using 
an unpaired t-test (Instat version 3.05 GraphPad Inc, San Diego, CA, USA). Angles 
were compared to the direction of the applied stretch, i.e. a 90-degree angle means 
perpendicular to the stretch direction. When observed form above, cells were 
analyzed separately in the center and near the edges of the collagen gel (Figure 1C). 
Thus, the area in between the holes was considered to be the central area (CA) and 
the area surrounding the holes was considered to be the edge area (EA) (Figure 1C). 
For the cell number analysis, GPF-PDL cells were cultured for 1, 3 and 5 days. After 
each time period, samples were examined under the microscope as described 
previously, however now at a lower magnification (10×). The cell number in each 
field was calculated using Image J software. For each time point, 2 samples were 
used and 40 microscopic fields were randomly taken from each sample. Non-spread 
cells were considered dead and subsequently excluded from the counting. The 
data were compared with a two-way ANOVA and post hoc Tukey testing (Instat 
version 3.05 GraphPad Inc, San Diego, CA, USA). 
2.7 3D image reconstruction
To observe cell morphology in 3D, collagen gels containing GFP-PDL cells were 
gently removed from the setup after 3 days of culture and transferred on to a 
custom-made polystyrene membrane (100 mm thick) created by solvent casting. 
These samples were observed using confocal laser scanning microscopy (CLSM, 
Olympus FV1000) with a 63× oil immsersion objective. Series of scanning images 
chapter 4 a 3-dimensional cell culture model
4
Figure 1   Experimental setup; (A) Top view of experimental setup; light blue 
represents the silicone dish; the white squares, represent the plastic 
cover plates with nine holes/perforations (width x length; 27 x 24 mm, 
diameter of the perforation 1 mm); the grey circles represent the metal 
weights (diameter 15 mm, height 5 mm) to keep the gel in position;  
(B) Lateral view of a relaxed dish; in purple the medium; in grey the 
metal weight; in white the plastic cover plate; and in pink the cell-gel 
solution; (C) Top view of the coverslip; the area in between the holes 
was considered the central area (CA) and the area surrounding the 
holes was the edge area (EA).
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3. Results:
3.1 Cell distribution 
One hour after seeding, cells appeared rounded in shape, and had not spread yet 
(Figure 2A). One day later, most of the cells had attached to the collagen matrix and 
had started to spread (Figure 2B). In time, cells became elongated and increased 
in number upon visual inspection (Figure 2C). Noticeably, at day 5, even cell 
colonies could be observed (Figure 2D). At lower magnification, it was clear that the 
cells were evenly distributed within the artificial PDL space (Figure 2E). 
3.2 Cell orientation 
In the static culture environment, the cells showed multipolar shapes with no 
evidence of preferential orientation (Figure 3A). When mechanical loading was 
applied, cells changed their initial morphology and direction, i.e. became elongated 
and oriented perpendicular to the strain direction (Figure 3B). However, a distinct 
difference could be noticed between the central area (Figure 3B) and the edge area 
(Figure 3C). More peripheral, the alignment was more prominent.
Besides visual inspection, cellular alignment was also quantified as shown in a 
Box-Whisker plot (Figure 4). The chart shows that cells were randomly distributed in 
2.8 Real time Polymerase Chain Reaction 
Gene expression was studied after day 3 of incubation. The cell-gel constructs 
were collected and the total RNA from the cultured cells was isolated using TRIzol® 
reagent (Invitrogen, Breda, the Netherlands) according to the manufacturers 
instruction. The RNA concentration was measured with NanoDrop (Nanodrop 
Technologies, Wilmington, DE, USA). After obtaining the mRNA, a first-strand 
reverse transcriptase PCR was performed using the Superscript™ First-strand 
Synthesis System for RT-PCR (Invitrogen); according to the manufacturers protocol. 
The cDNA was then amplified and specific gene expression was quantified in 
real-time PCR. For this reaction, 12.5µl master mix, 2 µl DNA, 3µl primer mix (1.5 µl 
forward primer and 1.5 µl reverse primer mixed) and 7.5 µl DEPC were added into 
the reaction system. Subsequently, the PCR was performed in a Real-Time PCR 
reaction apparatus with the desired temperatures. Primers were designed so as to 
avoid amplification of genomic DNA, and therefore each amplicon spans at least 
one intron (Table 1).
The genes studied in the real-time quantitative (Q)PCR were coding for the three 
bone differentiation markers, i.e. Bone sialoprotein (BSP), Runx-2 transcription 
factor and signaling molecules cyclooxygenase (COX-2 ), the major ECM protein 
collagen type-β (Col-β), as well as the growth factor related transcription factor 
c-Fos. Relative gene expression was normalized to the household Gapdh gene 
expression. The expression of the tested genes was calculated via the 2-ββCt method13 
relative to the BM group. Statistical analysis was performed with a one-way ANOVA 
and post hoc Tukey testing using Instat.
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Forward (5’ → 3’) Reverse (5’ → 3’) NCBI 
Reference 
Sequence
Product 
BP size
Collagen I GAGCGATTACTACTGGATTGACCC CAAGGAATGGCAGGCGAGAT NM 053356 506
C-fos ATCCGAAGGGAAAGGAATAAGA CAAGTCCAGGGAGGTCACAGA NM 022197 246
Cox-2 TCCAACCTCTCCTACTACAC GTTGCACGTAGTCTTCGATC NM_017232.3 625
BSP GAAGCAGGTGCAGAAGGAAC ACTCAACCGTGCTGCTCTTT NM_012587.2 157
Runx-2 GAGCACAAACATGGCTGAGA TGGAGATGTTGCTCTGTTCG NM_053470.1 238
GAPDH CGATGCTGGCGCTGAGTAC CGTTCAGCTCAGGGATGACC XM_576394.3 413
Figure 2   Cell distribution: (A) 1 hour after cell seeding, original magnification 
20× ; (B) 1 day after cell seeding, 20×; (C) 3 days after cell seeding, 
20×; (D) 5 days after cell seeding, 20×; (E) distribution of cells at  
day 3, 10×
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the non-stretched group. However, when subjected to mechanical loading, cells 
aligned perpendicularly to the stretching force. ANOVA testing showed that this cellular 
reorientation was significant compared with non-stretched groups, irrespective of 
the cell location (p < 0.001). Noticeably observed from the angulation measurements, 
the cells close to the edge area were more sensitive to the stretching force and 
more prone to alignment compared to cells in the central area (p < 0.001). In addition, 
for both areas there was a significant difference compared to the control group. 
3.3 Cell number
Over time cell numbers did not increase in the static groups (BM and EM) (Figure 5). 
In contrast, when stretch was applied, both media showed an increased cell 
number over time (p < 0.001). When comparing the groups at the individual time 
points it became evident that at day 1 stretch gave significantly lower cell counts 
compared to the control in the BM group, but not in the EM group. This was 
compensated by proliferation, as on day 3 no statistical differences were observed 
anymore. Finally, on day 5 the mechanical loading resulted in a significantly higher 
cell number in both the BM and EM groups (p < 0.001). 
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Figure 3   Cell morphological changes upon mechanical loading: (A) Non-
stretched sample, after day 1, original magnification 20×; (B) Stretched 
sample in central area, after 1 day, 20×; (C) Stretched sample in the 
edge area, after day 1, 20×. The white arrow in the lower part of Figures 
B and C indicates the direction of the applied loading
Figure 4   Box-Whisker plot showing cell orientation midpoint (median), and 
the first and third quartile (boxes), and the largest and smallest 
observations. A mean of 45˚ indicates no preferential orientation, 
whereas a higher angle indicates alignment perpendicular to the 
direction of force. Note that cells in the Edge Area were more prone to 
alignment compared to the cells in the central area. ***: P< 0.001
Figure 5   Cell number data: the average cell number after 1, 3 and 5 days of 
culture. Values are represented as mean ± standard deviation.  
Note: 1.6 mm2 represents the total surface measured for a picture 
taken. ***: P< 0.001
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with stretch gave significantly lower Runx-2 (relative) expression levels than the 
control group. For collagen I expression, a lower expression of the BM stretch 
group was detected when compared to EM and EM stretch. For both C-fos and 
Cox-2 no significant differences were detected. 
4. Discussion 
Periodontitis is characterized by the loss of both the soft and hard tissues 
surrounding teeth, which can eventually lead to tooth loss. Complete and functional 
periodontal regeneration involves the restoration of the complete specific 
morphology composed of the PDL in between the tooth and root socket surface. 
The cells within the PDL tissue play a central role in this periodontal healing process. 
Considering the complexity of the PDL and the effect of different stimuli, it is crucial 
to develop controlled and easy to apply in vitro models to investigate PDL (cell) 
activity. Many researchers have focused on cell behavior in a two-dimensional (2D) 
environment, while in vivo the PDL composes a 3D environment in which cells are 
surrounded by the extracellular matrix (ECM). The aim of our study was to develop 
a simple 3D model that can be used to examine fundamental aspects of PDL under 
loading as well as chemical stimulation and in the long run perhaps can be used for 
the preparation of a construct for periodontal defect regeneration.
Our exact same system has been well described in 2D cell culture regarding cell 
compatibility, attachment, differentiation, etc14. This system was now further 
developed towards a 3D model. Regarding the presented set-up, initially multiple 
adaptations were tested before the presented model could be used. The natural 
situation comprises of two hard tissue surfaces, of the bone and root. The coverslip 
represents one of these hard tissues. Still, cover plates without perforations we 
initially used appeared to limit cell survival; thus they had to be provided with 
openings for better cell nutrition and oxygen exchange. Still, cells sometimes 
appeared to aggregate preferentially near the holes upon visual inspection of the 
fluorescence images. For future further experiments, it can be advantageous to use 
a rigid but permeable coverslip to allow for totally equal conditions in all regions. 
Another issue was that due to the stretching force/movement the coverslips 
detached from the gel instead of maintaining a “fixed” position. The application of 
the RFGD treatment to enhance adherence of the gel, in combination with the metal 
weights successfully resolved this problem. The final presented model proved to 
provide controlled mechanical conditions and can be used to study the effect of 
several parameters on PDL cell behavior.
The width of the created 3D space was 150-200 µm wide, which resembles the in 
vivo human PDL space15. Further, in vivo PDL cells are embedded in ECM, which 
3.4 3D Confocal scanning microscopy
The 3D morphology of cells in the collagen gel was also studied using confocal 
scanning microscopy. After 1 day of culture, cells were distributed in multilayers for 
both the non-stretched (Video 1) and stretched conditions (Video 2). In the XY axis 
plane, cells converted their direction perpendicular to the applied strain force in the 
stretched group (Video 2). In a 3D observation, cells at the inner part of the gel showed 
a bipolar shape with spherical nucleoli, surrounded by a few short filopodia (Video 3). 
On the contrary, cells on both solid surfaces (Video 4) (silicon bottom and coverslip) 
showed mainly spread multipolar cytoplasm branches surrounding a flat nucleus. 
Within those surface attached cells, some short slender cytoplasmic projections 
toward the central part of the collagen gel (artificial PDL) could also be found. 
3.5 Gene expression
The expression on RNA level of the tested genes was measured relative to the BM 
group at day 3 (Figure 6). All three other groups showed a higher expression of BSP 
compared to BM, indicating that both mechanical loading and the chemical 
stimulus EMD influenced gene expression. Both EM and BM medium in combination 
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Figure 6   Influence of cyclic strain and EMD on gene expression. Values  
were normalised to GAPDH and relative to the BM group  
(Black dotted line). Note that there are significant effects on gene 
expression for BSP, Runx-2 and Coll-1 with stretching force and 
EMD. *: P< 0.05, **: P<0.01
88 89
compared to the static controls. The increase in proliferation is coherent with other 
researchers19. An explanation for this finding other than a direct effect of loading is 
also the increased influx of oxygen and nutrition supply as a consequence of the 
stretching movement. In addition, mechanical loading of the cell-gel complex 
resulted in an increase in ECM-formation-related genes (such as BSP and Collagen 
I) which agrees with another study, which showed that up regulation of type I 
collagen mRNA expression occurred in anterior cruciate ligament cells exposed to 
cyclic stretching20. This suggests that mechanical signals trigger cell-surface 
stretch receptors resulting in cascades of genes activation responsible for the 
synthesis and secretion of key extracellular components21. The decreased 
expression of the early osteoblast differentiation gene (Runx-2) and relatively low 
response in gene expression at later time points can be due to: (1) a lower degree 
of stiffness in the collagen gel compared to 2D stretch substrates, or (2) the 
observation that the cells in the center differentiate towards PDL-like tissue. Further, 
it has to be noticed that the gene expression data corroborate with another, more 
difficult to handle, 3D cell culture model that also showed a markedly low response 
in gene expression to mechanical forces8. 
The main dissimilarity between our model system and natural PDL lies in the 
comparatively low density of collagen at 0.2%, compared to high cell/collagen 
density of 42% in the PDL region in vivo22. The higher collagen content may introduce 
higher strength, stiffness and anchoring sites for both mechanical force transfer 
and cell attachment. It can also be hypothesized that in such an environment the 
gene expression of cells at the borders is even more sensitive than in the center of 
the gel, because the mechanical difference is so much more pronounced along the 
borders. 
The EM groups showed always a higher proliferation rate, both under stretched and 
static culture conditions, compared to the BM groups. This finding corroborates 
with other EMD related studies23. EMD medium led to a higher BSP gene expression 
irrespective of stretching. Collagen I expression was lower in the stretched group, 
but this was compensated by the effect of EMD. The effect of up regulation in the 
ECM formation related genes in the EMD group agrees with other research24,25. This 
indicates that the presence of EMD upon PDL cell differentiation is crucial in the 
initial stages of culture26. The relatively low response might be associated with the 
dosage and application method in our 3D mode, as the effect was not as obvious 
in 2D culture systems. On the other hand, the in vivo situation is also 3D, thus 2D 
systems might exaggerate and overstate the actual effect of EMD.
consists for the major part of different types of collagen, though predominantly 
collagen type I. Therefore, collagen type I was also used in this study. Unlike a 2D 
monolayer culture in which cells typically adopt a spread morphology (in x-y axis), 
cells residing in the collagen matrix protruded into the z-axis as well, thus showing 
a true 3D morphology and distribution. This situation is similar to the natural PDL, 
in which cells align to the collagen fibers that run perpendicular from the alveolar 
bone to the root cement15. 
Yet differences remained between cell morphology on the solid surfaces (silicon 
bottom and coverslip) and in the center. However these are not surprising, and in 
agreement with 2D versus 3D culture systems. For example, fibroblasts in 2D 
cultures exhibit a flat morphology with dorsal-ventral polarity and large 
lammellipodia, while in a 3D matrix cells show a natural spindle-shaped 
morphology16,17. This phenomenon may be related to the ECM environment in which 
cells that are encapsulated need to overcome surrounding physical impediments in 
order to proliferate or migrate18. 
Cells in vivo are constantly exposed to mechanical loading resulting from their 
surrounding ECM. PDL in vivo is functionally subjected to considerable mechanical 
loading. Also in our model, the transfer of load from a deformable substrate, on a 
gel material with evidently a much lower Young’s modulus, was evident, in the 
relatively thin (200 µm) PDL space. Although there is no covalent link, the affinity of 
the collagen for the hard surfaces (enhanced by our RFGD treatment) is enough to 
allow for mechanical interlocking and load transmission. A clear response to the 
mechanical loading could be demonstrated as cell number increased over time, 
while for the static circumstances this did not occur. The mechanical stresses 
applied to the cells on this in vitro model are tension forces, which are just a part of 
the loading stimulations applied to the periodontium. Further enhancements of the 
model should aim to reproduce more accurately other mechanical events in vivo. 
Still, in our 3D environment, the PDL cells also oriented perpendicularly to the 
mechanical force. The higher cell rotation at the edges of the collagen gel may 
indicate that cells are more challenged to mechanical loading in this specific region. 
These changes point to the possibility that cells differentiate into different 
populations similar as in growing PDL i.e. at the edges turn into osteoblast-like cells 
expressing BSP, but in the center more towards tendon with low Runx-2 expression. 
This morphological variation may be a sign of different cell phenotypes as a 
consequence of mechanical stimulation. This phenomenon is in accordance with 
the in vivo PDL environment, in which cells at the bone and cement borders are 
prone to differentiate into osteoblasts or cementoblasts, while in the center retain a 
fibroblastic phenotype. 
As the cellular content of PDL is relatively low, our set-up likewise started with a low 
cell number. The mechanical stimulation led to a higher cell proliferation rate 
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1. Introduction
Periodontal disease leads to tissue destruction, such as epithelial downgrowth and 
thereby loss of root cementum, periodontal ligament (PDL), and alveolar bone. 
Currently, the most predictable treatment is scaling and rootplaning of the root 
surfaces, possibly in combination with surgery. As a drawback, this treatment 
results only in arresting inflammation, thus preventing or slowing down further 
attachment loss. As such, the outcome for this type of treatment is healing with a 
long junctional epithelium1. Ideally, lost root cementum, PDL, and alveolar bone, 
should be regenerated.
Currently, such regeneration is sometimes partially obtained with the use of enamel 
matrix derivative (EMD; Emdogain®, Straumann, Basel, Switzerland) or guided 
tissue regeneration (GTR)2. For example, a recent rat study using an intrabony 
defect showed less gingival recession, a deeper sulcus, and shorter junctional 
epithelium upon EMD treatment3. However, bone formation was minimal in both 
EMD-treated group and untreated control group. Evidently, regeneration of both 
hard (bone) as well as soft periodontal tissue needs another approach. In view of 
this, biodegradable calcium phosphate (CaP) cements have been shown excellent 
candidates for bone regeneration. Such cements largely consist of alpha tri-calcium 
phosphate to enable adequate in vivo turn over, especially when the cement is 
made porous by the incorporation of poly(DL-lactic-co-glycolic acid) (PLGA) 
microspheres4-8. So far, most tri-calcium phosphate materials used in clinical 
periodontal regeneration therapy are applied in particulate form and demonstrated 
to be encapsulated or to be resorbed without evident periodontal regeneration. In 
contrast, injectable cement compositions have already been reported with 
promising histological results for periodontal regeneration9-10. 
For the current investigation, it was hypothesized that combining the positive 
properties of EMD and an injectable macroporous CaP will have a synergistic effect 
on periodontal tissue healing. Thus, CaP together with EMD might stimulate bone 
formation besides the regeneration of the soft periodontal tissues. Therefore, the 
aim was to evaluate histologically the healing of a macroporous CaP in combination 
with EMD in a pre-validated defect model in rat3.
2. Materials and Methods
2.1 Enamel matrix derivative
EMD (30mg/mL) was used according to the manufacturer’s recommendations in 
the designated experimental groups. The exact composition of EMD is not disclosed 
and the responsible reactive molecules are not yet identified, but EMD is thought to 
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2.3 Animals
Fifteen healthy adult Wistar rats, weighing approximately 350-400 g were used. The 
Animal Ethical Committee of Radboud University Nijmegen (RU-DEC 2008-091) 
approved the study protocol. All procedures were in accordance with the national 
guidelines for the care and use of laboratory animals. The animals were screened 
for good physical condition and were specific-pathogen free. Food pellets and 
water were provided ad libitum but were withheld overnight pre-operatively.
2.4 Surgical procedures
Surgery was performed using general inhalation anaesthesia by means of 
intubation. To minimize peri-and postoperative pain, carprofen (Rimadyl® Pfizer, 
Capelle aan de IJssel, the Netherlands; 50 mg/mL s.c., 0.01 mL/kg bodyweight) 
was given pre-operatively, and continued the first 2 days postoperatively. 
Anaesthesia was maintained by a mixture of nitrous oxide, isoflurane 2-3%, and 
oxygen through a constant volume ventilator and monitored, using a pulsoxymeter, 
to ensure that an appropriate level of anaesthesia was achieved and maintained. 
During operation, animals were positioned in a head-restraining device to allow 
proper access to the maxillary molar area. Surgery was performed with the aid of 
magnifying loupes (x2.5) and strong light by one surgeon (DO). Bilateral intrabony 
three-wall defects were created mesial of both maxillary first molars. A local, 
adrenaline containing, dental anaesthetic (Ultracain D-S®, Aventis Pharma BV, 
Gouda, the Netherlands) was used to reduce the bleeding tendency and for pain 
management. A 3-mm-long incision was made on the alveolar ridge (Figure 1A). 
Flaps were raised in order to expose the tooth and alveolar bone (Figure 1B). Using 
a piezoelectric device (OT5 B-tip; 1.7 mm in diameter; Piezosurgery®, Mectron, 
Carasco, Italy) a three-wall intrabony defect was made along the root surface. 
Thereafter the residual bone, PDL, and root cementum were carefully removed from 
the root surface, using a less abrasive tip (OP5-tip) (Figure 1C). This tip was also 
used to finalize the size of the defect (width x length x depth; 2 x 2 x 1.7 mm) (Figure 
2C) while constantly carefully monitoring the dimensions using a periodontal probe. 
Pilot experiments on preparing the defects showed that this method led to very 
consistent defect sizes as assessed in post-mortem measurements (data not 
shown). Prior to the designated treatment all root surfaces were treated with 24% 
ethylenediaminetetraacetic acid (EDTA; PrefGel™, Straumann®, Basel, Switzerland) 
during 2 minutes according manufacturer’s recommendation. Subsequently, the 
defects were rinsed with sterile saline, dried with a sterile gauze and, if indicated, 
filled immediately thereafter (Figure 1D). 
Groups were randomly divided over all animals. The first group was left empty for 
spontaneous healing (controls, n=10). The second group received only EMD 
(n=10). In the third (CaP/EMD) group first EMD was applied. Subsequently, CaP 
contain at least amelogenins, which are dissolved in the carrier propylene glycol 
alginate.
2.2  Calcium phosphate cement with PLGA microspheres
2.2.1 Preparation of the PLGA microparticles
PLGA with a 50:50 lactic to glycolic acid copolymer ratio was used (molecular 
weight 17 +/- 1.6 kDa; Purasorb®, Purac, Gorinchem, the Netherlands). PLGA 
microparticles were prepared by an established double-emulsion-solvent extraction 
technique ((water-in-oil)-in-water) as previously described7. Microparticles were 
produced by injecting 500 µL demineralized water into a tube containing a solution 
of 1,400 mg PLGA in 2 mL dichloromethane. This mixture was emulsified (60 s) on 
a vortex (Genie 2, Scientific Industries, Bohemia, New York, USA). Subsequently, 
6.0-mL 0.3% aqueous poly(vinyl alcohol) (PVA) solution was added and emulsified 
(60 s) on a vortexer to produce the second emulsion. The mixture was then added 
to 394 mL PVA solution and 400 mL of 2% aqueous isopropanol solution with rapid 
stirring (1 h). Subsequently, the microparticles were allowed to settle (15 min) and 
the solution was decanted. Then, the microparticles were washed and collected 
through centrifugation (1,500 rpm, 5 min), lyophilized, and stored under argon at 
-20β C until further use. The size distribution of the PLGA microparticles (n=100) was 
determined by image analysis (Leica Qwin®, Leica Microsystems, Wetzlar, 
Germany). The morphology of the PLGA microparticles was determined by 
observation with a scanning electron microscope (JEOL 6400-LINK AN 10000 at 10 
kV). The PLGA microspheres were 26 +/- 8 µm in diameter and had a spherical and 
smooth appearance. The PLGA/CaP cement showed signs of interconnecting 
pores. More specific details have been previously reported7.
2.2.2 Preparation of PLGA/CaP cement composite
CaP consisted of 85% alpha tri-calcium phosphate, 10% dicalcium phosphate 
anhydrous, and 5% precipitated hydroxyapatite. 
PLGA microparticles were added to the CaP powder in a PLGA/CaP weight ratio of 
20/80. For delivery into the defect, a 2-mL syringe (Sherwood Medical, Den Bosch, 
the Netherlands) was closed at the tip with a stopper and filled with 500 mg of the 
PLGA/CaP mixture. Preoperatively, syringes filled with PLGA/CaP powder were 
sterilized by gamma radiation (25 kGy, Isotron B.V., Ede, the Netherlands). Before 
surgery, sterile cement liquid (1% Na2HPO4; 200 µl) was added to provide 
injectability. Then, the syringe was placed in a mixing apparatus (Silamat®, 
Vivadent, Schaan, Lichtenstein) and mixed (15 s). The stopper was removed, and 
the cement was injected into the defect.
chapter 5 regeneration of the periodontium using enamel matirx derivative
5
100 101
6 h under a low voltage current in a decalcifying bath (TDE™ 30 bath, Sakura Finetek 
Europa B.V., Zoeterwoude, The Netherlands) and subsequently dehydrated in a 
graded series of ethanol (70-100%). Before embedding, the molars were stained 
with black ink to ensure that sections were made in the area of interest. Maxillas 
were split in the middle, and the hemi maxillas were embedded in Paraplast paraffin 
(Klinipath B.V., Duiven, the Netherlands).  Sections of 6 mm were cut in mesio-distal 
direction, stained with hematoxylin-eosin and trichrome (Masson modification 
Goldner). Light microscopical evaluation of all sections was done using an optical 
microscope (Leica MZ12, Leica BV, Rijswijk, the Netherlands) and consisted of a 
complete morphological qualitative description and quantitative analysis of the 
tissue response. For the quantitative analysis, a histological scoring system was 
developed and a comprehensive assessment was performed on three sections per 
specimen for each of both staining in the center of the original defect site11,12. Each 
section was assigned a score and from the scores of all sections in one group the 
average score of the groups was calculated. These assessments were separately 
performed by two examiners blinded to treatment group.  
2.6 Histomorphometry and statistical analysis
Following histomorphometrical parameters were assessed:
1.  Root damage and root resorption were scored on a 2-point grading scale (yes/
no) based upon the histological images. Root damage was recorded when sharp, 
straight substance removal could be observed, i.e., caused by instrumentation. 
Root resorption was documented when irregular substance removal could be 
observed. A contingency table was made and data were compared using a 
Chi-square test, in a statistical program (Instat version 3.05, GraphPad Software, 
San Diego, CA, USA). 
2.  Inflammation was scored on a 4-point scale (Table 1). Subsequently, groups 
were compared with a two-way analysis of variance (ANOVA) with post-hoc 
Tukey testing. A higher score represents less inflammation. 
3.  Epithelial downgrowth was measured from the gingival margin to the most 
apical extent of the junctional epithelium (Figure 2B). The total tooth length was 
measured from the apex to the mesial cusp of the molar. To compensate for 
deviations in alignment of the histological slides, relative values were used by 
dividing the length for epithelial downgrowth by the total tooth length. Before 
analysis, these values were inverted, i.e., a higher score represents a more 
beneficial tissue response (less epithelial downgrowth). Hereafter, each score 
received a rank number and comparisons between groups were made using 
ANOVA and post-hoc Tukey testing. 
4.  PDL formation and connective tissue attachment (CT) were scored on a 4-point 
grading scale (Table 1). PDL formation included new (a)cellular cementum 
was injected into the defect (n=10) (Figure 1E). EMD was used as indicated by the 
manufacturer. Briefly, after EDTA application the defects were thoroughly rinsed 
with sterile saline, dried with sterile gauzes and, by pipetting, 15µL of EMD was 
applied strictly onto the root surface. After EMD application, a two minute waiting 
time for protein adsorption was kept. Subsequently, CaP was used to completely fill 
the defect to the original contour of the bone, i.e., ~6.8 mm3  (2x2x1.7=6.8 mm3).
Finally, the flaps were repositioned, using resorbable sutures (Vicryl® 4-0, Ethicon 
Products, Amersfoort, the Netherlands) (Figure 1F). During the first ten postoperative 
days, the animals were fed with powdered food for minimal wound disturbance. 
After 12 weeks, the animals were euthanized by CO2 inhalation, samples were 
harvested, and processed for histological analysis3. 
2.5 Histological preparation
First, the complete maxilla was dissected and excess tissue removed. After fixation 
in buffered formaldehyde (pH 7.4) 10% for 24 h, the specimens were decalcified for 
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Figure 1   Overview of surgical procedure: (A) A 3-mm incision was made 
mesial of the maxillary molar; (B) Muco-periosteal flaps were raised 
on the buccal and palatal aspect; (C) The OT5 B tip is displayed 
next to a standard 10 mm periodontal probe on the left, on the right 
observe the OP5-tip; (D) The created defect, prior to the  
final corrections standardizing the defect; (E) An example of a  
defect treated with the CaP cement after the application of EMD;  
(F) The flaps sutured with 4-0 resorbable sutures
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formation in combination of perpendicularly oriented fibers inserted into the 
cement and bone. CT attachment was regarded as the supracrestal connective 
tissue adhesion to the root surface without new cementum formation but in 
presence of perpendicularly orientated of fibers13,14. Subsequently, groups were 
compared with ANOVA and post-hoc Tukey testing. A higher score represents 
better periodontal healing.
5.  The bone height of the defect located mesially of the maxillary molar was 
measured as follows. First a reference line was drawn interconnecting the 
furcation heights of the neighboring molars (Figure 2A; a non-operated 
sample). Subsequently, from this reference line to the bottom of the created 
defect, a second line (with asterisk) was drawn parallel to the mesial root of the 
first molar (Figure 2B; a sample from the EMD group). Alike epithelial 
downgrowth, this difference was measured as a relative value to the total tooth 
length. All scores in each group were sorted low to high, i.e., a higher score 
indicated more bone height. Finally, each score received a rank number and a 
comparison between the groups was made using ANOVA and post-hoc Tukey 
testing.
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Table 1   Quantitative histological scoring system for inflammation and 
periodontal healing  
Response Score Description
Inflammation 1 Masses of inflammatory cells
2 Many inflammatory cells, showing some fibroblasts
3 Immature connective tissue, showing fibroblasts with few 
inflammatory cells
4 Normal appearance of connective tissue with few 
inflammatory cells
Periodontal 
healing
0 No PDL regeneration, no connective tissue adhesion, 
random supracrestal fiber orientation and, epithelial 
downgrowth
1 No PDL regeneration but CT adhesion with perpendicular 
fiber orientation supracrestally
2 Evidence of PDL regeneration limited to the apical part 
of the defect and, CT adhesion with perpendicular fiber 
orientation supracrestally
3 Complete PDL regeneration
Figure 2   (A) Bone height was measured mesial of the maxillary molar  
(Masson staining, original magnification 2.5x). A line connecting 
the furcations of the neighboring molars was drawn. This black 
line indicates the connected furcations and was then compared to 
the bone height mesial of the first molar; shown is a non-operated 
sample indicating that this drawn line indicates the original bone 
height mesial; (B) The black line with *, indicates the difference 
between the original bone height and the reduced bone height after 
surgery; shown a sample from the EMD treated group (Masson 
staining, original magnification 2.5x); (C) Diagram to show the 
dimensions of the 3-wall defect and the measurements taken for the 
histomorphometrical analysis. 
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A common finding in the empty group was epithelial downgrowth to the level to 
which the cementum was removed (Figure 3A, B). In addition, empty defects showed 
very limited signs of new cementum, new bone or PDL regeneration. A collapse of 
the soft tissues could be observed as a consequence of the bony defect. A detailed 
image of the supra-crestal tissue is presented in Figure 4A, B. Consistently, in all 
sections a random orientation of the supra-crestal fibers instead of the normal 
structured perpendicular orientation was observed. 
Within the EMD-treated group limited evidence of bone formation was seen (Figure 
3C, D). Some samples (3 out of 10) showed evidence of cementum formation with 
PDL fibers embedded into the pre-existing bone, which was limited to the apical 
part of the defect and always in proximity of pre-existing cementum (Figure 4C, D). 
Overall, a very limited inflammatory response was observed in all EMD specimens. 
The supra -  crestal connective tissues showed functional orientation of the fibers 
(Figure 4C, D). In the specimens that had not formed new cementum, always a CT 
adhesion was present. 
The CaP/EMD group (Figure 3E, F) showed for PDL and CT comparable histological 
results with the EMD group; i.e. supra-crestal, functionally orientated fibers (Figure 
4E, F). In the CaP/EMD group consistently more bone formation was observed in 
the apical part of the defect compared with the empty and EMD groups. A few 
samples (two out of ten) showed remnants of the CaP, however, never in contact 
with the root surface. 
3.3 Histomorphometry and statistical analysis
In all groups damage and resorption of the roots, inflammatory response, epithelial 
downgrowth, healing of periodontal fibrous tissue and bone healing were measured. 
In each assessment, a higher score was indicative for a more favorable tissue 
response. As previously mentioned, all data were collected by two examiners that 
were blinded to the treatment performed. The inter-examiner agreement was 
already initially very high. However in case of discrepancy in score between the two 
examiners, this was dissolved by a combined viewing of the specific specimen and 
subsequent discussion always led to an agreement on the score to be used for the 
specimen. 
In all groups some root damage was observed; three samples out of the empty 
group (n=10), five samples out of the EMD group (n=10), and six out of the CaP/
EMD group (n=10). This was also the case for root resorption, 4 samples out of the 
empty group (n=10), 2 samples out of the CaP/EMD group (n=10), however the 
EMD group did not exhibit root resorption. There were no statistically significant 
differences in the amount of root damage and resorption between all groups 
(p=0.89 and 0.89 respectively), indicating that root damage or resorption were no 
confounding parameters of influence in the analysis of any group. 
3. Results
3.1 General observations
All surgical and recovery procedures were uneventful except for the rats treated with 
the CaP; during the first postoperative 2-3 days considerable extra-oral swelling was 
observed. Still, all animals gained weight in a comparable manner. No other 
macroscopic signs of inflammation were observed during the entire healing period. 
3.2 Descriptive histology
The periodontal defects could still be detected in all samples. In some samples 
(10 out of 30) the tiny bone wall to the sinus cavity was penetrated. The acellular 
cementum was always completely removed from the root surface together with the 
supporting alveolar bone, which only occasionally resulted in a slightly damaged 
root. In some samples, of different treatment groups, root resorption could be 
observed except, for the EMD-treated groups.
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Figure 3   Histological overview of the different treatment groups. (A) empty 
defect (HE staining; original magnification 2.5x); (B) empty defect 
(Masson staining, original magnification 2.5x); (C) EMD (HE; original 
magnification 2.5x); (D) EMD (Masson; original magnification 
2.5x); (E) CaP/EMD (HE; original magnification 2.5x); (F) CaP/EMD 
(Masson; original magnification 2.5x). ABC: alveolar bone crest,  
C: cementum, D: dentin of the root, M: indicating the first molar of the 
maxilla, projected all in the same fashion (apex down). *: apical extent 
of the junctional epithelium, **: supra-alveolar tissues
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Least inflammation was noted in the EMD group and most in the empty group (Figure 
5A) (p< 0.05). The group treated with EMD and CaP, showed an average degree of 
inflammation, in between that of both other groups. 
The least epithelial downgrowth was measured in the EMD-treated group. The 
results for the other groups were quite similar, and not significantly different from 
the EMD group (Figure 5B). 
For PDL and CT healing, the empty group showed the worst score whereas both 
experimental groups (EMD or CaP/EMD) performed significantly better, increasing 
threefold from 0.5 (empty) to 1.4-1.5 (EMD or CaP/EMD) (Figure 5C). 
Bone was least formed in the empty group, while most bone was formed in the CaP/
EMD group. (Figure 5D). Inclusion of CAP to EMD significantly enhanced bone 
formation in the EMD group, from score 1.9 to 2.9; an increase of approximately 50%.
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Figure 4   Details of different treatment groups. (A) Supra-crestal tissues(*); 
showing random orientation of the fibers in the empty group  
(HE; original magnification 2.5x), please observe the supra-crestal 
tissues are detached from the rootsurface; indicating a weak 
bond between the 2 tissues; (B) Another example of an empty 
group sample (Masson, original magnification 2.5x); (C) Detail of a 
functionally orientated supra-crestal connective tissue attachment(*), 
showing new cementum formation (c) in a EMD sample (HE, original 
magnification 20x); (D) Detail of a functionally orientated supra-
crestal connective tissue attachment(*), showing new cementum 
formation (c) in another EMD sample (HE, original magnification 10x); 
(E) Detail of a functionally orientated supra-crestal connective tissue 
attachment, showing new cementum formation in a sample treated 
with CaP/EMD (Masson, original magnification 10x); (F) Supra-
crestal connective tissue attachment in CaP/EMD group (HE, original 
magnification 10x); (G) Higher magnification of Figure D showing 
new cementum (c) (HE, original magnification 20x); (H) Higher 
magnification of Figure E showing new cementum (c) (Masson, 
original magnification 20x). C: cementum, D: dentin of the root.  
*: supra-alveolar tissues
Figure 5   Histomorphometrical data. (A) Inflammatory response; (B) Epithelial 
downgrowth; (C) Periodontal regeneration; (D) Bone regeneration. 
*: P<0,05; **: P<0,01; ***: P<0,001 
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Regarding our study setup, the handling of the cement needs further attention. 
Although it appeared possible to create defects of the same size, the bone 
architecture in the defect region varied from one rat to another. Due to this variation, 
occasionally, the bone separating the sinus  mucosa from the periodontal defect 
was damaged, which resulted in bleeding, thereby frustrating to get the defect dry 
prior to applying EMD and/or CaP. Moisture compromises the setting of the CaP, 
and as a consequence, might have reduced the mechanical strength of the CaP as 
also was reported for a rat cranial defect15. Another aspect is that sometimes 
residue of CaP material could be observed. In order to obtain fast resorption of the 
grafts, a low molecular PLGA was included in the CaP cement. However, after 12 
weeks of healing still some grafted CaP was seen, which corroborates with other 
studies in which CaP was injected in periodontal16 or other bone defects6. 
The CaP-treated group all rats showed initial swelling, which has not been reported 
before 6,16,18. It is has been described that graft particles, in the region of interaction 
between the graft and host bone, can cause an inflammatory response19. In our 
study, due to possible initial instability of the CaP, such fragments might have 
caused this transient inflammatory response and associated swelling. 
Another pit fall is primary loss of CaP after its application. To date, in a human 
study, the authors mentioned that in 6 out of the 15 patients treated with CaP, such 
an exfoliation did occur9. Although in the present study flaps could always be 
closed without compromise, as also the animals were monitored for graft exfoliation 
during the first postoperative days and in addition powdered food was offered, 
exfoliation can never be excluded totally10,17. In a recent human study using a 
particulated biphasic calcium phosphate (BCP) either or not with EMD, graft 
exfoliation was not described; this might be due to differences in the used grafting 
materials; particulated versus injectable that needs to set in situ. However, clinically, 
no advantages were reported when BCP was used in combination with EMD20. 
No differences in epithelial down growth could be observed for the combined 
therapy with CaP and EMD or EMD alone in our study. This is exactly in line with 
what others found in clinical research. For example, a recent meta-analysis also 
showed no benefits for combination therapies with EMD21. In this meta-analysis, 
numerous different materials and EMD have been compared. In this meta-analysis, 
clinical data have been compared but no histological data. Even though in the clinic 
the difference in clinical parameters might not justify combined use, this might be 
different on a histological level. Therefore, we feel that combination therapy is worth 
further histological evaluation for potential benefits for clinical treatment.
Most periodontal regeneration studies are conducted in dogs, which allows careful 
plaque control, the application of local antiseptics and even brushing. This is 
impossible in rats, which might have affected the results negatively. From human 
GTR studies, it is well known that plaque control is of upmost importance22. 
4. Discussion
The best treatment of periodontal defects, today, is only to stop the destructive 
process that is called periodontitis. If at all possible, the periodontal condition should 
be brought back into its original condition. For this purpose, regenerative techniques 
come into view. As in periodontal defects both soft tissues (PDL and CT) as also hard 
tissues (cement and alveolar bone) need to be reconstructed, we hypothesized that 
the combination of EMD with a calcium phosphate cement (CaP) could accomplish 
such periodontal healing. To date, defects left empty, showed merely repair. EMD 
application, indeed showed periodontal soft tissue (PDL and CT) healing, however, 
limited bone regeneration was observed. The combination of EMD and CaP appeared 
to have a synergistic effect, stimulating both soft periodontal tissue healing and bone 
regeneration.
Regarding our animal model, it is obvious that the herein used model has certain 
limitations. Canine models, as regularly used in periodontal regenerative studies, 
allow for example preparation of larger defects. Also a notch in the root, that can 
serve as a reference point for future histological evaluation, can be prepared. 
Obviously, the model used for this study is too small for such a notch, however in 
the near future perhaps in vivo (micro-)CT might be feasible to allow for more 
accurate, even three-dimensional, measurements. 
In the present study small three-wall defects were created artificially in rats. It might 
be assumed that this size of defect will heal spontaneously and does not require the 
use of biomaterials. However, as can be observed in our results, the empty three-wall 
defects in fact showed limited spontaneous healing. We feel that in spite of the overall 
dimensions, the defect size is still relatively large defect to this small animal model.
Another point of debate in the field of preclinical periodontal research is whether 
defects should be created surgically, like in this study, or induced chronically (i.e., 
plaque infection), or even the combination of both. Positive aspects of plaque- 
induced periodontal breakdown are that a diseased root surface is created. 
However, also this situation is still not completely similar to natural occurring 
periodontitis. An even more important point is that defects may vary between 
animals, making subsequent treatment and analysis challenging or even impossible. 
Additional disadvantages are prolonged experimental time due to additional 
handling of the animals. Surgical creation of defects on the other hand has certain 
positive aspects, such as that defect sites can be standardized and creation is 
much faster. The animal model used in this study does not fully represent a 
periodontal disease state and likewise has several limitations as a model for 
periodontal regeneration (e.g., differences in periodontal tissues and histopatho-
logical features). Nevertheless, the currently used model is cost-effective and 
especially suitable for initial studies.
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The histological and histomorphometrical findings indicate that the reparative type 
of healing, as observed in the empty group in our experiment, is consistent with 
numerous published reports1,3,13,24. Our experiment showed that even three-wall 
periodontal defects did not regenerate spontaneously. Although these empty 
defects were also treated with EDTA, like both experimental groups, it is well know 
from literature that EDTA treatment does not have any benefits as mono-therapy25,26. 
Consistent with literature, ankylosis near the CaP cement was never observed16,27. 
One study reports formation of cementum and PDL between the root and CaP16. 
The authors postulated that CaP acts much like a “membrane” in providing space 
maintenance and wound stabilization. Possibly, in our study the CaP cement was 
initially not stable enough to elucidate similar effects.
Using the same rat model, comparable results were found for empty defects (no 
regeneration), or when EMD was used (regeneration of the PDL but no bone 
formation)3. Also in a dog study, empty defects showed a only a reparative type of 
healing while EMD-treated defects demonstrated varying amounts of new 
cementum but hardly any regenerated bone volume13. Adding CaP, however, with 
or without EMD showed significant more cementum and bone regeneration. In this 
study, the importance of soft tissue support was emphasized while avoiding 
immediate contact between the biomaterial and the root13. Follow-up investigations 
have to be confirmed whether CaP cement only serves as wound stabilizer or if its 
osteoconductive properties are the determining factor.
5. Conclusions
Within the limits of this rat study, the application of EMD, either or not, in combination 
with calcium phosphate cement enhanced PDL formation. The additional use of an 
injectable calcium phosphate cement resulted in more bone formation compared 
with an empty defect or a defect treated with EMD only. The combination of EMD 
and calcium phosphate cement resulted in the most favorable effects for respectively 
PDL formation and bone regeneration. Although no effect on epithelial down growth 
could be assessed, the adjunctive use of calcium phosphate in combination with 
EMD is a promising treatment modality for regeneration of bone and ligament 
tissues in the periodontium.
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1. Introduction
Periodontitis is an inflammatory disease affecting the three supporting tissues 
surrounding teeth i.e. periodontal ligament (PDL), cementum, and bone. Periodontal 
regenerative medicine began in the early 1980’s based on the principle of selective 
cell repopulation known as guided tissue regeneration (GTR)1. By covering the 
periodontal defects with a membrane, GTR aims at excluding the fast proliferating 
epithelial cells, thereby allowing the slower proliferating PDL and bone cells to 
repopulate the area2. Alternative regenerative approaches are based on the 
principles of tissue engineering (TE), i.e. transferring a combination of (stem) cells 
and/or signaling molecules attached on a scaffold into the periodontal defect site. 
In periodontology, amelogenins, as found in enamel matrix derivative (EMD; Emdogain®, 
Straumann, Basel, Switzerland), are the most studied signaling molecules. In one 
study, amelogenins showed beneficial effects for PDL but did not stimulate bone 
formation3. As a result, a more recent approach of combining amelogenins and bone 
grafting material shows promise as an optimal approach in bone tissue engineering. 
Biodegradable calcium phosphate cements (CaP) are excellent candidates for 
bone regeneration, especially when the cement is made porous by the incorporation 
of poly DL-lactic-co-glycolic acid (PLGA) microspheres4-8. Promising histological 
results have already been reported using CaP for periodontal regeneration9-10. 
Unfortunately, expectations that the combination of amelogenins and CaP would 
result in full PDL regeneration were not fulfilled11. Therefore, addition of more potent 
growth factors needs to be considered. 
Since fibroblast growth factor-2 (FGF-2) and bone morphogenetic protein factor-2 
(BMP-2)12 have shown positive effects on periodontal regeneration already13, we 
hypothesized that combining these growth factors with CaP cement would have a 
synergistic effect on periodontal regeneration. 
As a result, the aim of this study was to histologically evaluate the healing capabilities 
of a calcium phosphate cement combined with either BMP-2 or FGF-2 in a 
pre-validated intrabony defect model in the rat11. 
2. Materials and Methods
2.1 Periodontal regeneration
For periodontal regeneration a gel containing BMP-2 or FGF-2 (“root conditioning 
gel”) was applied directly onto the root surface. Subsequently, macroporous calcium 
phosphate cement was delivered into the bone defect. 
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2.5 Surgical procedures
Surgery was performed in a similar fashion as previously described11 using 
magnification loupes and all performed by one surgeon (DO). For peri-and 
post-operative pain, RimadylÒ (carprofen 50 mg/ml s.c., 0.01 ml/kg bodyweight; 
Pfizer, Capelle aan de IJssel, the Netherlands) was given preoperatively, and post-
operatively for two days. Under general anaesthesia, bilateral periodontal defects 
were created mesially to the first maxillary molar. A crestal incision was made on the 
alveolar ridge mesially to the first maxillary molar and then flaps were elevated. 
Using a piezoelectric device (Piezosurgery®; Mectron, Carasco, Italy), a bony 
defect was created along the root surface (Figure 1A), using the OT5-B tip. Next, 
excess bone, the PDL, and the root cementum were carefully removed from the root 
surface using a less abrasive tip (OP5-tip). This tip was also used to create the final 
dimensions of the defect (width x length x depth; 2 x 2 x 1.7 mm). Then, defects and 
root surfaces were rinsed with sterile saline and dried using sterile gauze. 
Immediately after, the defects were treated either with CaP (Figure 1B), or CaP was 
injected after applying root modification gel containing either BMP-2 or FGF-2 to 
the root surface, depending on the group.
Finally, the defects were closed, using resorbable sutures (Vicryl® 4-0, Ethicon 
Products, Amersfoort, the Netherlands) (Figure 1C). During the first 10 post-operative 
days, animals were fed powdered food to minimize wound disturbance. 
2.6 Histological preparation
After 12 weeks, animals were euthanized and the complete maxillas were dissected. 
Next, excess tissue was removed and the specimens were fixed in buffered 
formaldehyde (pH 7.4) 10% for 24 h. After fixation, specimens were decalcified for 6 
h under a low voltage current in a TDEÒ30 bath (Sakura Finetek Europa B.V., 
Zoeterwoude, The Netherlands) and subsequently dehydrated in a graded series of 
2.2 Propylene glycol alginate gel containing rhBMP-2 or rhFGF-2
Most clinically available root conditioning gels use the carrier propylene glycol 
alginate (PGA)14. As a result, PGA was chosen for growth factor delivery in the 
current experiment. Rheological tests were performed to achieve similar clinical 
handling (viscosity) alike EMD (data not shown). Ten µg of recombinant human 
BMP-2 (rhBMP-2; R&D Systems Minneapolis, MI, USA) was reconstituted in 100 µl 
(4mM HCL, 0.1% BSA), and divided into 10 separate eppendorf tubes. Next, 60 µl 
PGA solution (5% W/W) was added. This was carefully vortexed, and thereafter, 
freeze-dried and stored at -20°C until further use. Prior to surgery the rhBMP-2-PGA 
gel was defrosted, 15µl of sterilized MilliQ™ was added; the mixture was then applied 
to the defect. For the second gel formulation, 25 µg of rhFGF-2 (R&D Systems) was 
reconstituted in 100 µl (PBS, 0.1% BSA) and prepared in a similar fashion.
2.3 Preparation of PLGA/CaP cement composite
The PLGA micro particles were prepared by an established double-emulsion- 
solvent extraction technique [(water-in-oil)-in-water]7. For this purpose, Poly (DL-
lactic-co-glycolic acid; PLGA) in a 50:50 lactic to glycolic acid copolymer ratio was 
used (molecular weight 17 +/- 1.6 kg/ml) (Purasorb®; Purac, Gorinchem, the 
Netherlands).
The CaP cement consisted of 85% alpha tri-calcium phosphate, 10% dicalcium 
phosphate anhydrous and 5% precipitated hydroxyapatite. One hundred mg PLGA 
microparticles were added to 400 mg CaP cement powder. For delivery to the 
defect, a 2-ml syringe (Sherwood Medical, Den Bosch, the Netherlands) was closed 
at the tip with a plastic stopper and filled with the PLGA/CaP powder, then sterilized 
by gamma radiation with 25 kGy (Isotron B.V., Ede, The Netherlands). Preoperatively, 
200 µl sterilized cement liquid (1% Na2HPO4) was added to the mixture to provide 
injectability. Next, the syringe was closed with the injection plunger and placed in a 
Silamat® mixer (Vivadent, Schaan, Lichtenstein). After 15 s of mixing, the stopper 
removed, and the cement was immediately injected into the bony periodontal 
defect or injected after the application of either the BMP-2 or FGF-2 gels, depending 
on the study group. 
2.4 Animals
Fifteen healthy adult Wistar rats, weighing approximately 350-400 gram were used 
for this experiment. The Animal Ethical committee of Radboud University Nijmegen 
approved the study protocol (RU-DEC 2008-091). All animal procedures were in 
accordance with the national guidelines for the care and use of laboratory animals. 
The animals were screened for good physical condition and had a pathogen free 
status. Medium-hard food pellets and water were provided ad libitum but withheld 
overnight (14 h) pre-operatively.
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Figure 1   Overview of surgical procedure: (A) Periodontal defect surgically 
created mesial of the maxillary molar; (B) Defect treated with CaP 
cement; (C) Flaps sutured with 4-0 resorbable sutures
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5.  Bone height mesial of the maxillary molar was measured as follows. First, a line 
was drawn connecting the furcation heights of the neighboring molars; this line 
indicates the original bone height mesial of the maxillary molar in animals that 
did not have surgery. Next, another line indicated the difference between bone 
height mesial of the maxillary molar and the line connecting the furcations. This 
difference was measured as a relative value to the total tooth length (similar to 
epithelial downgrowth) and scores were sorted low to high; i.e. a higher score 
indicated more bone height. Finally, each score received a rank number and 
comparison between groups was calculated by ANOVA and Tukey’s post-hoc 
test.
ethanol (70-100%). Before embedding, the molars were stained with black ink to 
secure that the sections were made in the area of interest. Maxillas were split in the 
middle and specimens were embedded in Paraplast® paraffin (Klinipath B.V., 
Duiven, the Netherlands). Sections of 6 mm were cut in mesio-distal direction, 
stained with hematoxylin-eosin and trichrome (Masson modification Goldner). 
Next, image analysis techniques were used for histological evaluation. The light 
microscopical evaluation of all sections was done using an Leica MZ12 optical 
microscope (Leica BV, Rijswijk, the Netherlands) and consisted of a complete 
morphological qualitative description and quantitative analysis of the tissue 
response. For quantitative analysis, a histological scoring system was used and a 
comprehensive assessment was performed on three sections per specimen for 
both stains. The sections were obtained from the central part of the root. Each 
section was assigned a score and an average score for each group was determined. 
2.7 Histomorphometry, and statistical analysis
The following histomorphometrical parameters were assessed:
1.  Root damage and root resorption were scored on a 2-point grading scale (yes/
no) based on the histological images. A contingency table was made and data 
were compared using a Chi-square test with Instat version 3.05 (GraphPad 
Software, San Diego, California, USA). 
2.  Inflammation was scored on a 5-point scale (Table 1). Groups were compared 
with a 2-way analysis of variance (ANOVA) with Tukey’s post-hoc test. A higher 
score represented less inflammation. 
3.  Epithelial downgrowth was measured from the gingival margin to the most 
apical extent of the junctional epithelium. Total tooth length was measured from 
the apex to the mesial cusp of the molar. Length measurement of the epithelial 
downgrowth was divided by total tooth length and therefore relative to the 
complete tooth length. This was done to compensate for small deviations in 
alignment of the histological slides. Before analysis, these values were inverted, 
i.e. a higher score represented a more beneficial tissue response (less epithelial 
downgrowth). Subsequently, all scores in each group were sorted low to high. 
Finally, each score received a rank number and comparison between the 
groups was calculated by ANOVA and Tukey’s post-hoc test. 
4.  PDL regeneration/formation and connective tissue attachment (CT) were scored 
on a 4-point grading scale (Table 1). PDL formation included new (a)cellular 
cementum formation and perpendicularly oriented fibres inserted into the cement 
and bone. CT attachment was regarded as the supracrestal connective tissue 
adhesion to the root surface without new cementum formation, but also with 
perpendicular orientation of fibres15-16. Finally, groups were compared by ANOVA 
and Tukey’s post-hoc test. A higher score represented better PDL healing.
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Table 1   Quantitative histological scoring system for inflammation and 
periodontal healing  
Response Score Description
Inflammation 0 Cannot be evaluated because of infection or other factors 
not necessarily related to the material
1 Masses of inflammatory cells
2 Many inflammatory cells, showing some fibroblasts
3 Immature connective tissue, showing fibroblasts with few 
inflammatory cells
4 Normal appearance of connective tissue with few 
inflammatory cells
Periodontal 
healing
0 No PDL regeneration, no connective tissue adhesion, 
random supracrestal fiber orientation and, epithelial 
downgrowth
1 No PDL regeneration, but CT adhesion with perpendicular 
fiber orientation supracrestally
2 Evidence of PDL regeneration limited to the apical part 
of the defect and, CT adhesion with perpendicular fiber 
orientation supracrestally
3 Complete PDL regeneration
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tissue and epithelial tissues. No signs of new cementum formation could be 
observed. The supra-crestal connective tissue showed a random organization and 
orientation of the fibers. However, similar to the CaP group, new bone formation 
was consistently observed in the apical part of the defect. When remnants of the 
CaP were observed, a comparable tissue response was noticed, similar to the CaP 
group.  
In the CaP/FGF-2 group (Figure 2E,F), epithelial downgrowth was also occasionally 
observed, although it was less than that of the CaP and CaP/BMP-2 groups. This 
group also exhibited new cementum formation (Figure 3E,F) with supra-crestal 
fibers embedded into this newly formed cementum. In addition, formation of new 
cementum and PDL connected to alveolar bone was observed in the apical part of 
the defect. New bone formation was also observed in the apical part of the defect, 
comparable to the CaP/BMP-2 group. Moreover, there was less inflammation within 
the connective tissue compared to both CaP and CaP/BMP-2 group. However, 
3. Results
3.1 General observations
Surgical and recovery procedures were uneventful. However, animals showed 
considerable extra-oral swelling in the region of the surgery for the first 2-3 days 
postoperatively. No other macroscopic signs of inflammation were observed form 
the implantation period up to euthanization. 
3.2 Descriptive histology
The created periodontal defects could still be observed. In general, the cementum 
was completely removed along with the alveolar bone, which occasionally resulted 
in a slightly damaged root (14/30). In some samples (9/30), root resorption was 
observed. Remnants of the CaP cement were only occasionally observed (7/30). 
These events were randomly distributed over the three treatment groups (Table 2). 
Generally, in the group treated with CaP, remnants of the CaP cement could no 
longer be detected (8/10). Only minor inflammatory responses were observed in 
this group (Figure 2A,B) but occasionally, a more marked inflammatory reaction 
was observed; pronounced rete ridges were present within the epithelium (Figure 3A). 
In the samples where remnants of CaP were observed (2/10), the CaP was 
surrounded by inflammatory tissue (Figure 3B,C) but never in direct contact with 
pre-existing bone. When the cement was in close proximity of the root surface, no 
adverse tissue response was observed (Figure 3C,D). Healing consisted of 
epithelial downgrowth, while the supra-crestal connective tissue showed a random 
connective tissue/fiber orientation. No evidence was found for new cementum 
formation. However, new bone formation in the most apical part of the defect was 
noticed, with occasionally reattachment of the PDL to the pre-existing cementum. 
In the CaP/BMP-2 treated specimens (Figure 2C,D), epithelial downgrowth was 
somewhat similar to the CaP group, with signs of inflammation within the connective 
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Figure 2   Histological overview of the different treatment groups. (A) CaP 
treated defect (HE staining); (B) CaP treated defect (Masson staining); 
(C) BMP in addition to CaP treated defect (HE); (D) BMP in addition 
to CaP treated defect (Masson); (E) FGF in addition to CaP treated 
defect (HE); (F) FGF in addition to CaP treated defect (Masson). 
ABC: alveolar bone crest. C: cementum, D: dentin of the root,  
M: indicating the first molar of the maxilla, projected all in the same 
fashion (apex down). *: apical extent of the junctional epithelium,  
**: supra-alveolar tissues, ***: remnants of CaP cement (only Figure C). 
All original magnification 2,5x
Table 2   Summary of data  
Group Root damage Root resorption CaP remnants
CaP 5/10 5/10 2/10
CaP/BMP-2 5/10 2/10 2/10
CaP/FGF-2 4/10 2/10 3/10
Note: No statistically significant differences for all parameters in between all groups.
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occasionally rete ridges were observed within the epithelial tissue. Finally, a tissue 
response similar to CaP only and/or CaP/BMP-2 treated specimens was seen in the 
CaP/FGF-2 group when remnants of the CaP were observed.
3.3 Histomorphometry and statistical analysis
Measurements for all groups included root damage, root resorption, inflammatory 
response, epithelial downgrowth, periodontal regeneration and bone regeneration: in 
each assessment, a higher score was indicative for a more favourable tissue response.
Statistical analysis showed that for both root damage and resorption, no significant 
differences occurred (p=0.68 and p=0.59 respectively), indicating that root 
damage or root resorption were not confounding parameters of influence on the 
analysis. Likewise for CaP remnants, there was no significant difference between 
the groups (p=0.30). 
Inflammatory score was highest for the CaP/FGF-2 group (i.e. most beneficial) 
(Figure 4A) but no statistical differences were observed between the groups. 
As to epithelial downgrowth, no significant differences were found between the 
three groups (Figure 4B).
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Figure 3   Details of different treatment groups. (A) Pronounced reteridges in a 
CaP treated sample (HE; original magnification 2,5x); (B) Embedded 
piece of CaP (HE, original magnification 10x); (C) Detail of CaP 
remnants near the root surface (Masson, original magnification 20x); 
(D) Another example of CaP remnants near the root surface  (HE, 
original magnification 10x); (E) Detail of a functionally orientated 
supra-crestal connective tissue attachment, showing new 
cementum formation in a sample treated with CaP/FGF (HE, original 
magnification 10x); (F) Another example of a functionally orientated 
supra-crestal connective tissue attachment, showing new cementum 
formation in a sample treated with CaP/FGF (Masson, original 
magnification 10x). C: cementum, D: dentin of the root, I: Inflammatory 
capsule, F: Periodontal ligament fibers, R: Reteridges.  
**: Calcium phosphate remnants
Figure 4   Histomorphometrical data. (A) Inflammatory response; (B) Epithelial 
downgrowth; (C) Periodontal regeneration; (D) Bone regeneration 
*: P<0,05; **: P<0,01
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Similarly to our study, Oi and co-workers23 applied FGF-2-gel (1.6 µg FGF-2/mm3) 
directly to the root surface, after which CaP granules were applied. According to 
this method, intrabony defects in dogs were treated with CaP, with CaP combined 
with FGF-2, or with FGF-2 alone. They reported that the combination of FGF-2 and 
CaP enhanced both bone and cementum regeneration. No adverse effects such as 
ankylosis, root resorption, or swelling were observed. It is still unclear whether this 
method provided better results compared to our method; i.e. gel in combination 
with  injectable CaP cement. It could be postulated that optimal defect filling can be 
achieved more easily using injectable materials, leading to optimal initial integrity. 
When inventorying growth factors dosage, the dose used for FGF-2 in the current 
study was comparable to other studies. Only one drop (15µl) containing 2.5 µg 
FGF-2 was applied directly on the root surface defect. Nakahara and co-workers19 
applied approximately 2 µg FGF-2 per mm3 in 48 mm3 periodontal defects in dogs 
(100 ug FGF-2 in total). Murakami and co-workers described canine and primate 
models. For three wall defects and furcation defects, they applied approximately 
1.4 µg FGF-2/mm3 in dogs  and approximately 1.8 µg FGF-2/mm3 in primates20. In 
later studies21, class-II furcation defects in dogs Murakami and co-workers used a 
dose of 1.4 µg/mm3.
Similar variations in application method and dosage can be found in the literature 
for BMP-2. For example Blumenthal and co-workers16 compared a collagen sponge 
in which a BMP-2 solution was dispersed with a calcium phosphate bone putty 
containing BMP-2; the collagen sponge contained 0.26 mg BMP-2, and the bone 
putty 0.32 mg BMP-2. Since 125 mm3 intrabony defects were prepared, they used 
BMP-2 concentrations varying between 2.1-2.5 µg/mm3. Although we used a lower 
dosage (1.0 µg) of BMP-2 than Blumenthal16, we found similar results: BMP-2 
stimulated mainly bone formation. Although Blumenthal16 showed advantages of 
BMP-2 with respect to cementum formation and PDL regeneration, most studies10,24 
are in line with our results, indicating that BMP-2 has no stimulatory effects on PDL 
formation. To date, Sorensen and co-workers10 used a high dosage of either 0.2 or 
0.4 mg BMP-2 per defect. However, since the bone defect was large (1000 mm3), a 
relatively low concentration (0.2-0.4 µg/mm3) of BMP-2 eventually was applied. We 
could hypothesize that if the dose we used had been doubled (i.e. 2.0 µg BMP-2 
per site/gel), similar effects could possibly have been observed for cementum 
regeneration.  Obviously, this can only be tested with further studies.
In the current study, CaP was injected into the bone defect. Low molecular weight 
PLGA microspheres were incorporated into the CaP cement to enhance cement 
degradation. Nevertheless, complete disappearance of the CaP/PLGA graft 
material after 12 weeks was not observed in all specimens. This corroborates 
others using injectable CaP in periodontal defects17 and in other types of bone 
defects5. Conversely, we cannot exclude that the stability of the CaP cement in the 
For PDL healing, both CaP and CaP/BMP-2 groups showed a lower score compared 
to CaP/FGF-2 (Figure 4C); treatment with CaP/FGF-2 significantly improved the 
quality of the PDL, showing a 3.25 fold increase compared to CaP/BMP-2 (p<0.05) 
and a 2.6 fold increase compared to CaP (p<0.05).
The last histomorphometerical assessment was for bone formation. The CaP group 
showed the lowest score for bone formation and the highest score was found in the 
CaP/BMP-2 group (Figure 4D). Differences between CaP and CaP/BMP-2 or CaP/
FGF-2 were significant different; a significant 2.4 fold increase was measured for 
CaP/BMP-2 compared to CaP alone (p<0.05). For CaP/FGF-2, a significant 1.9 fold 
increase compared to CaP was recorded (p<0.01). No significant differences were 
observed between both groups treated with growth factors.
4. Discussion
Until now, periodontal disease could only be arrested. This required removal of 
bacterial plaque by thoroughly cleaning of the involved root surfaces. The ideal 
situation would be a “renewal” into its original condition, i.e. full regeneration. This 
is the goal of regenerative approaches. Unfortunately, these approaches are not 
yet fully developed. A previous study, in which EMD was applied onto the root 
surface and CaP injected into the bone defect, elucidated that CaP not only plays 
an important role in stabilization of the wound, but also shows osteoconductive 
properties11. Unfortunately, full periodontal regeneration was not established. 
Therefore, our current goal was to develop a more potent approach that combined 
CaP with either BMP-2 or FGF-2 directly delivered to the root surface. The results of 
the present study showed that the least epithelial downgrowth was seen while 
using CaP only. However, with respect to the PDL and alveolar bone, no positive 
effects were measured. Combining CaP with BMP-2 showed a favourable response 
for bone healing but the effects upon PDL healing were limited. The most successful 
approach was the combination of CaP and FGF-2, which showed best PDL healing 
as well as stimulating bone healing.
As to our histological findings, ankylosis near the CaP was not observed in any of the 
groups, which has been confirmed by other studies17-18. Only Hayashi reported the 
formation of new cementum and PDL between the root and CaP in a dog model17.
The method of delivering growth factors into periodontal defects is worthy of 
consideration. A wide variety in application methods has been described. For 
example, Nakahara and co-workers19 showed promising results for a collagen 
sponge onto which gelatin microspheres containing FGF-2 were applied. As carrier 
material for growth factor delivery, fibrin gel20, gelatin21 and hydroxypropyl-cellu-
lose22 have been used. In these studies, FGF-2 was applied onto the carrier itself. 
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small intraoral defects in our rat model was insufficient to maintain the material. As 
a result, possible loss of the material(s) (CaP and/or the growthfactors) into the oral 
environment might have occurred. It can be hypothesized that if this deficiency/loss 
indeed occurred, the effect of the combined FGF-2, BMP-2 and CaP treatment 
might even be underestimated. Nevertheless, despite the drawbacks of the current 
model, the positive effects of the treatment were clear. In addition, one could even 
question whether the combination of FGF-2 and BMP-2 together with CaP might 
have a synergistic effect. Interestingly, a recent study25, although used for implant 
related defects rather than tooth related defects, showed that the combination of 
both growth factors may indeed exert a synergistic activity at bone defects around 
dental implants. Even though these results look promising, obviously from a 
periodontal perspective, further research is required to investigate whether similar 
effects in different surroundings might also be obtained.
5. Conclusions
Based on the results and within the limits of this animal study, we can conclude that 
the combination of topical application of FGF-2 with injectable CaP seems to be a 
promising approach for use in periodontal regeneration. Future studies should 
focus on the incorporating of BMP-2 into cement combined with topical application 
of FGF-2 gel on the root surface.
chapter 6 periodontal regeneration using an injectable bone cement
6
130 131
18. Shirakata Y, Oda S, Kinoshita A, Kikuchi S, Tsuchioka H, Ishikawa I. (2002) Histocompatible healing of 
periodontal defects after application of an injectable calcium phosphate bone cement. A preliminary 
study in dogs. Journal of Periodontology 73:1043-1053
19. Nakahara T, Nakamura T, Kobayashi E, Inoue M, Shigeno K, Tabata Y, Eto K, Shimizu Y. (2003) Novel 
approach to regeneration of periodontal tissues based on in situ tissue engineering: effects of 
controlled release of basic fibroblast growth factor from a sandwich membrane. Tissue Engineering 
9:153-162
20. Murakami S, Takayama S, Ikezawa K, Shimabukuro Y, Kitamura M, Nozaki T, Terashima A, Asano T, 
Okada H. (1999) Regeneration of periodontal tissues by basic fibroblast growth factor. Journal of 
Periodontal Research 34:425-430
21. Murakami S, Takayama S, Kitamura M, Shimabukuro Y, Yanagi K, Ikezawa K, Saho T, Nozaki T, Okada 
H. (2003) Recombinant human basic fibroblast growth factor (bFGF) stimulates periodontal 
regeneration in class II furcation defects created in beagle dogs. Journal of Periodontal Research 
38:97-103
22. Kitamura M, Nakashima K, Kowashi Y, Fujii T, Shimauchi H, Sasano T, Furuuchi T, Fukuda M, Noguchi 
T, Shibutani T, Iwayama Y, Takashiba S, Kurihara H, Ninomiya M, Kido J, Nagata T, Hamachi T, Maeda 
K, Hara Y, Izumi Y, Hirofuji T, Imai E, Omae M, Watanuki M, Murakami S. (2008) Periodontal tissue 
regeneration using fibroblast growth factor-2: randomized controlled phase II clinical trial. PLoS One 
2;3:e2611
23. Oi Y, Ota M, Yamamoto S, Shibukawa Y, Yamada S. (2009) Beta-tricalcium phosphate and basic 
fibroblast growth factor combination enhances periodontal regeneration in intrabony defects in dogs. 
Dental Materials Journal 28:162-169
24. Selvig KA, Sorensen RG, Wozney JM, Wikesjö UM. (2002) Bone repair following recombinant human 
bone morphogenetic protein-2 stimulated periodontal regeneration. Journal of Periodontology 
73:1020-1029
25. Wang L, Zou D, Zhang S, Zhao J, Pan K, Huang Y. (2011) Repair of bone defects around dental implants 
with bone morphogenetic protein/fibroblast growth factor-loaded porous calcium phosphate cement: 
a pilot study in a canine model. Clinical Oral Implants Research 22:173-181
chapter 6 periodontal regeneration using an injectable bone cement
6
Alkaline Phosphatase Immobilization Onto 
Bio-Gide® And Bio-Oss® For Periodontal 
And Bone Regeneration
Daniël A.W. Oortgiesen, Adelina S. Plachokova, Claudia Geenen, Gert J. Meijer,  
X. Frank Walboomers, Jeroen J.J.P. van den Beucken, John A. Jansen 
Published in the Journal of Clinical Periodontology
7
135
1. Introduction
Periodontal regenerative therapy aims at complete periodontal regeneration; i.e. 
formation of new cementum, new periodontal ligament (PDL) and new alveolar 
bone. Results of such therapies are predominantly limited to periodontal repair; i.e. 
reattachment and new bone formation1. Nevertheless, evidence exists that 
periodontal regeneration may be induced using the principles of guided tissue 
regeneration (GTR)1-3. GTR is based on selective cell repopulation, i.e. the cell type 
that first repopulates the wound determines the nature of the regenerated tissue. A 
membrane covers the periodontal defect to prevent epithelial downgrowth and to 
seclude space for cells with regenerative potential to repopulate the defect site4,5. 
Guided bone regeneration (GBR) is based on the same principle, creating a 
secluded space, in a bone environment, to regenerate bone6. GBR is often 
employed for subsequent implant installation in an originally deficient ridge. 
Different membranes are available, among which collagen-based membranes are 
mostly applied. Collagen appears to be suitable for GTR, as it is chemotactic for 
PDL fibroblasts7, may serve as a barrier for migrating epithelial cells8, and acts as a 
fibrillar scaffold for early vascular ingrowth9. However, membranes act mainly as 
physical barriers and have to be considered biologically inactive. Membranes 
alone are not capable of enhancing cellular events during the regeneration process. 
Furthermore, GBR-studies using collagen membranes showed limited bone 
formation6. Moreover, collapse of the membrane, due to lack of mechanical stability, 
compromises the amount of new tissue. Therefore, as an adjunct to GTR/GBR 
procedures, a grafting material is placed into the defect to prevent this collapse. 
The enrichment of biomaterials with biologically active compounds is considered a 
powerful strategy to improve biological performance. In view of this, the enzyme 
alkaline phosphatase (ALP) seems an attractive compound that is involved in the 
process of physiological mineralization and locally elevates inorganic phosphate 
levels to induce controlled precipitation of calcium phosphate minerals (apatite)10. 
Further, ALP is present both on plasma membranes of the cells occupying the PDL 
and within the extra-cellular matrix11. Finally, ALP is suggested to be involved in the 
formation of acellular cementum12. Studies in ALP knockout mice provided evidence 
that in the absence of ALP, deposition of cementum is strongly decreased and 
hence the connection between the PDL and the tooth is compromised13. 
Furthermore, ALP on a sheet of collagen was shown to mineralize following 
subcutaneous implantation, while without ALP this mineralization was not 
observed14. More recent studies proposed surface immobilization of ALP to improve 
the osteogenic performance of (bio)materials15 and demonstrated improved bone 
healing16. In view of these data, ALP can be classified as useful for mineral 
precipitation (i.e. formation of bone and/or cementum) and its presence in the PDL 
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regular medium refreshments (3x week), the membranes were analyzed for 
mineralization using an ortho-cresolphtalein (OCPC; Sigma) method19.
2.4 Animals and Surgical procedure
Forty-eight adult Wistar rats (350-400 gr) were used. The study protocol was 
approved by the Animal Ethical committee (Radboud University Nijmegen, the 
Netherlands), and all procedures were in accordance with the national guidelines 
for the care and use of laboratory animals.
Bilateral, standardized periodontal defects were created mesially of the maxillary 
first molars. Six different groups were assigned for evaluation periods of 2 and 6 
weeks (Table 1). Animals were pre-medicated with a subcutaneous injection of 
Rimadyl® (Carprofen 50 mg/ml, Pfizer, Capelle a/d IJssel, the Netherlands) to reduce 
per- and postoperative pain. Anaesthesia was induced with 4% isoflurane by 
intubation and maintained with a mixture of 2% isoflurane, 0.4% N2O and 0.4% O2. 
Surgery was performed using magnification (2.5x) and strong light (surgeon: DO). A 
3-mm-long crestal incision was made on the alveolar ridge, subsequently flaps were 
elevated (Figure 1A). A piezoelectric device (Piezosurgery®, OT5-B tip; diameter 1.7 
mm; Mectron, Carasco, Italy) was used to create bone defects (defect 1.7 mm wide 
seems necessary for a solid connection between root and bone. Consequently, it 
was hypothesized that ALP-immobilization on a membrane or bone graft material 
will enhance bone formation in GTR procedures and that the combination an 
ALP-enriched membrane and an ALP-enriched bone graft will have a synergistic 
effect.
Our aim was to evaluate the effect of alkaline phosphatase (ALP) immobilization 
onto Bio-Gide® in vitro, and to study the in vivo performance of ALP-enriched 
Bio-Gide® and/or Bio-Oss® with the purpose to enhance periodontal regeneration.
2. Materials and Methods
2.1 Materials
Bovine intestinal ALP (specific activity: 42500 U/mg; P7640) was purchased 
(Sigma-Aldrich, Zwijndrecht, the Netherlands). Membranes (Bio-Gide®;BG 30 x 40 
mm, porcine collagen) and bone substitute material (Bio-Oss®;BO, bovine bone 
mineral, 0.25 – 1 mm) were provided by Geistlich Pharma (Wolhusen, Switzerland).
2.2 Immobilization of ALP on Bio-Gide® and Bio-Oss®
Membranes were cut into smaller pieces (5 x 5 mm; in vitro experiments; 3 x 4 mm; 
in vivo experiments). Thereafter, the membranes were pre-coated with a layer of 
titanium (~ 50 nm; RF magnetron sputter technique)17. Immobilization of ALP was 
performed using electro-spray-deposition (ESD) (ESDR06/GASspecial, AST, The 
Netherlands) with an ALP-solution (1 mg/ml in 10:90 vol.% ethanol:ddH2O) for various 
deposition times (BGalp)
15.
Bio-Oss® particles (250 mg) were incubated in an aqueous ALP solution (500 µl 
ALP-solution; 5 mg/ml in ddH2O) for 4 hours (BOalp). Thereafter, these materials 
were lyophilized overnight.
2.3 In vitro ALP-activity and mineralization 
Activity of the ALP on the membranes was assessed using an ALP-activity assay18. 
Briefly, BGalp membranes treated with various ESD deposition times were incubated 
in a reaction mixture containing substrate solution (paranitrophenylphosphate). 
After incubation (1 hr), the enzymatic reaction was stopped (100 µl 0.3M NaOH was 
added), and the absorbance was read. The standard curve consisted of freshly-
dissolved ALP (in ddH2O: in a range of 0-250 ng/well). 
For the in vitro mineralization experiments, BGalp membranes were incubated in 
culture medium (β-MEM, 10% v/v fetal calf serum, Gibco, 50 µg/ml ascorbic acid, 
10-8 M dexamethasone, 10 mM sodium β-glycerophosphate, and 50 µg/ml gentamycin, 
all Sigma, Zwijndrecht, the Netherlands). After a soaking period of 2 weeks, with 
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Table 1   Experimental groups1  
Implants/Groups Number  
of implants 
inserted (n)
Number  
of implants 
retrieved (n)
Full name Abbreviation 
used
2 weeks 6 weeks 2 weeks 6 weeks
Bio-Gide® BG 8 8 8 8
ALP enriched Bio-Gide® BGalp 8 8 8 8
ALP enriched Bio-Gide® + 
Bio-Oss®
BGalp+BO 8 8 8 8
Bio-Gide® + ALP enriched 
Bio-Oss®
BG+BOalp 8 8 8 8
ALP enriched Bio-Gide® +  
ALP enriched Bio-Oss®
BGalp+BOalp 8 8 8 8
Empty Empty 8 8 62 8
1  Based on the in vitro results for ALP-activity and mineralization, ALP-immobilization for Bio-Gide® in 
the in vivo experiment was set at a 30 minute deposition time.
2  One rat died during surgery due to breathing problems
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2.5 Micro-CT scan analysis
Animals were euthanized after 2 or 6 weeks, maxillas were harvested, and fixed in 
10% buffered formaldehyde. Subsequently, micro computed tomography (µCT) of 
randomly chosen samples (n = 6) was performed (Skyscan 1172, Skyscan N.V., 
Aartselaar, Belgium). Tomographic data were acquired by cone-beam acquisition; 
a total of 800 micro-tomographic slices were gained (slice increment: 25 µm) to 
scan the entire sample (including defect area).
From the µCT datasets, 3D-models were built for morphometric analysis, for which 
additional reslicing in sagittal and transversal direction was performed and a 
subregion of the originally measured data was selected on both sagittal and 
transversal slices. This selected region of interest (ROI) included the entire defect 
area with the newly formed bone inside. By auto-interpolation of manually-deter-
mined ROIs from the resliced images, each specimen yielded a volume-of-interest 
(VOI), which served as the essential basis for all quantitative analyses. Landmarks, 
such as cemento-enamel junction and root apex were used for the manual drawing 
the ROI.
For volumetric analysis, data-set grayscale images were transformed to binary. The 
assigned ‘white’ areas were identified as image objects and the assigned ‘black’ 
areas were considered as background. The volume of the newly-formed bone 
(mm3) was the total volume of binarised objects within the VOI. The percentage of 
the newly-formed bone (%) was the proportion of the VOI occupied by binarised 
solid objects.
2.6 Histological preparation
After µCT, specimens were decalcified using TDEÒ30 (6 hrs; Sakura Finetek Europa 
B.V., Zoeterwoude, the Netherlands). Subsequently, specimens were dehydrated in 
ethanol and embedded in Paraplast paraffin (Klinipath B.V., Duiven, the Netherlands). 
Sagittal sections (6 mm), were stained with hematoxylin-eosin and trichrome 
(Masson modification Goldner). Light microscopic evaluation (Leica MZ12, Leica 
BV, Rijswijk, the Netherlands) consisted of descriptive histology and quantitative 
analysis of the tissue response. The quantitative analysis consisted of a histological 
scoring system and a comprehensive assessment (3 sections/specimen; 2 blinded 
investigators; both stains; Table 2). Each section received a score and from the 
scores of all sections in one group the average score was calculated. Subsequently, 
statistical analysis was performed.
2.7 Statistical analysis
For the statistical analyses of the µCT data, a One-way Analysis of Variance 
(ANOVA) was performed (GraphPad Software, San Diego, CA, USA). ANOVA was 
followed by a posthoc Tukey-Kramer Multiple Comparisons Test, for which 
and 1.7 mm deep). Subsequently, remaining PDL and root cementum were removed, 
using another, less abrasive, OP5-tip (Piezosurgery®). This tip was used to alter the 
round defect, to a square defect (2 x 2 x 1.7 mm, width x length x depth). After 
insertion of the biomaterials (Table 1), flaps were closed, using resorbable sutures 
(Vicryl® 4-0, Ethicon Products, Amersfoort, the Netherlands). During the first 10 
post-operative days, the animals were fed with powdered food to minimize wound 
disturbance and visual wound inspection was performed on a daily basis.
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Figure 1A   Overview of surgical procedure in different stages: (1) Flap elevation 
mesial of the maxillary first molar; (2) The piezo tip (OT5-tip, 
Piezosurgery®; Mectron, Carasco, Italy, left) used to create the 
intrabony part of the periodontal defect next to a standard 10 mm 
periodontal probe (right); (3) The same piezo tip (upper part) with 
an example of a regenerative collagen membrane (lower part) as 
to be used later; (4) Periodontal defect created at the mesial root 
surface of the maxillary first molar. Note the infrabony component 
of the defect. Subsequently the bone, PDL, and the root cementum 
were carefully removed form the root surface, using the same 
piezoelectric device however using another, less abrasive, type of 
tip (OP5-tip, Piezosurgery®; Mectron, Carasco, Italy, not shown);  
(5) Example of the periodontal defect filled with in this case Bio-
Gide®; (6) The flaps sutured in position.
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differences were considered significant at p<0.05. The data from the histological 
analysis were statistically processed using a Chi-Square test. Differences were 
considered to be significant at p<0.05.
3. Results
3.1 In vitro ALP-activity and mineralization 
ALP-activity of the BGalp was assessed for different ALP-deposition times. 
ALP-activity showed an increase with deposition time; ALP-activity that equals the 
activity of ~770, ~1170, and ~1450 ng freshly-dissolved ALP were found for 
deposition times 15, 30 and 60 min, respectively (Figure 1B). After a 2-week 
immersion period of the BGalp in cell culture medium supplemented with the 
substrate for ALP (i.e. paranitrophenylphosphate), mineralization was assessed 
using calcium measurements. Figure 1C shows that mineralization depends on 
ALP deposition time, and that deposition times >30 minutes result in relatively 
equal mineralization (~130 µg calcium/membrane for 30 and 60 min. deposition). 
Therefore, the deposition time for the BGalp used in the animal experiment was 30 
minutes.
3.2 In vivo General observations
One rat died during surgery (Table 1), all other animals had an uneventful recovery 
and gained weight during the experimental period. No clinical signs of infection or 
inflammation were observed. Visual inspection of the intra-oral wounds and sutures 
showed undisturbed wound healing.
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Table 2   Histological scoring system  
Histological finding Response Score
Membrane remnants visible/ not visible +/-
Rootapex damaged/ not damaged +/-
Root resorption present/ absent +/-
Periodontal repair  
(reattachment + new alveolar bone)
present/ absent +/-
New bone formation present/ absent +/-
Figure 1B   ALP-activity of membranes with different ALP deposition times  
(0, 15, 30, 60 minutes) 
Figure 1C   Mineralization capacity of membranes with different ALP deposition 
times (0, 15, 30, 60 minutes) after 2 weeks of immersion in cell culture 
medium 
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Data on new bone formation are presented in Figure 2B. The native amount of bone 
was determined at 62.8% and used as a reference. After 2 weeks, all experimental 
groups showed similar amounts of new bone formation of ~0.5%. In contrast, after 
6 weeks BG and BGalp presented a significantly increased amount of new bone 
formation (2.4 and 3.2%, respectively) compared to empty defects (0.2%). 
Furthermore, both BG and BGalp demonstrated a significant increase in new bone 
formation with implantation time, whereas no significant increase in new bone 
formation was observed for the empty defects.
3.4  Descriptive histology
3.4.1 2 weeks results
After 2 weeks, the defects could be easily detected. Generally, cementum was 
completely removed together with the supporting bone, which occasionally resulted 
in a damaged root apex or penetration into the gland apically. Common findings in 
all groups were epithelial downgrowth, to the level to which the cementum was 
3.3 Micro-CT analysis
After 2 weeks, minor bone formation could be observed, mainly at the defect edges, 
for all groups. More newly formed bone was observed after 6 weeks, at the defect 
edges as well as bone ingrowth from the bottom, in form of bony spicules (Figure 2A). 
For all experimental groups containing BO, it was impossible to distinguish the 
particles from the surrounding bone (same mineral density; same grey value in the 
analysis), and these groups were consequently excluded from morphometrical µCT 
analysis.
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Figure 2A   3D reconstructed micro-CT images of periodontal defects with 
different treatments after 2 and 6 week healing periods. Black asterisk 
indicates the position of the molar; left of the molar is the position  
of the created defect. Empty defect (1: 2 weeks; 2: 6 weeks);  
BG (3: 2 weeks; 4: 6 weeks); BGalp (5: 2 weeks; 6: 6 weeks)
Figure 2B   ALP-activity of membranes with different ALP deposition times  
(0, 15, 30, 60 minutes) 
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removed, and an inflammatory sub-epithelial infiltrate around the implanted 
materials (Figures 3A & 3B1). In the samples with damaged root apex, the 
inflammatory response was more severe and in addition, root resorption was found 
at the non-operated side of the root surface (Figures 3B1 & 2). No apparent 
difference was observed in the structure between the conventional and ALP-enriched 
materials, as well as in the tissue response thereto (Figure 3A). Both BG and BGalp 
were identified as interconnected porous structures with macrophages engulfing 
the material borders (Figures 3B4 & 5). Due to active degradation, the membranes 
were found fragmented into thick, strongly eosinophilic bundles and loose strands 
of wave-like short fibers (Figure 3B3). No apparent difference in the degradation 
rate between the BG and BGalp was be observed (Figures 3B3 & 4). Under the 
membranes and adjacent to the zone of macrophages, bone formation had started. 
Newly formed bone was mainly observed at the defect edges (Figure 3B6) and was 
more pronounced in the BGalp group. In the samples with BO or BOalp, more active 
bone formation was observed in the BOalp group (Figures 3A5 & 6). Moreover, only 
in the group with BG+BOalp one sample revealed signs of initial periodontal repair 
(i.e. reattachment and new bone formation). The empty defects, which were filled 
with connective tissue and an inflammatory infiltrate, showed no signs of bone 
formation (Figure 3A1).
3.4.2 6 weeks results
Compared to 2 weeks, epithelial downgrowth appeared to be at the same level with 
no apparent differences among the groups, whereas the inflammatory infiltrate was 
reduced (Figure 4A). In the samples with damaged root apex due to surgery, root 
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Figure 3A   Histological overview after a 2 week healing period (H&E staining; 
bar=500µm). (1) Empty defect; (2) BG; (3) BGalp; (4) BGalp + BO;  
(5) BGalp + BOalp; (6) BG+BOalp
Figure 3B   Details of histological findings after a 2 week healing period (H&E 
staining or Masson staining). (1) Epithelial downgrowth and resorption 
(Masson); (2) Root resorption at the non-operated side (Masson); 
(3) Membrane remnants (H&E); (4) Membrane resorption and inner 
structure (Masson); (5) New bone formation at the edges +  
part surrounded directly by inflammatory cells  (H&E); (6) New bone 
formation at the edges (H&E)
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combination BG+BOalp appeared to be more beneficial than BG, BGalp+BOalp and 
empty (all p<0.001). After 6 weeks, no statistically significant differences regarding 
bone formation were found among the groups. 
resorption was still present. In addition, ankylosis (i.e root cement/dentin directly in 
contact with bone) was seen as a new finding in several samples from different 
groups. Membrane degradation appeared to be complete for both BG and BGalp 
(Figure 4A2,3,4 and 5), whereas the particles (BO/BOalp) could still be observed. In 
the samples with BGalp, bone formation was more active compared to BG. Moreover, 
only in the BGalp groups, periodontal repair was observed in two samples from the 
BGalp and one sample from the BGalp+BOalp group, as characterized by newly 
formed bone and re-establishment of the connective tissue attachment (Figures 
4B1 & 2).
In the samples treated with particles, more active bone formation was observed for 
the BOalp group. Beside bone ingrowth from the defect edges, bone formation 
could also be observed at locations in between the BOalp particles with no direct 
contact with the pre-existing bone (Figures 4B3 & 4). Occasionally BOalp particles 
were found completely embedded in bone (Figure 4B5). Periodontal repair was 
noticed in one sample form both the BG and BGalp+BO groups and two samples 
from the BGalp+BO group. Empty defects did not show any signs of new bone 
formation nor periodontal repair.
3.4.3 Quantitative analysis
The data obtained with the histological scoring system for bone formation are 
presented in Table 3. Statistical analysis indicated significant differences for newly 
formed bone after 2 weeks. BGalp
 samples showed more bone formation than BG, 
BGalp+BOalp and empty defects (p<0.05, p<0.05 and p<0.01 respectively). The 
scores of BGalp
 were similar compared to those of BG+BOalp. Furthermore, the 
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Figure 4A   Histological overview after a 6 week healing period (H&E staining; 
bar=500µm). (1) Empty defect; (2) BG; (3) BGalp; (4) BGalp + BO;  
(5) BGalp + BOalp; (6) BG + BOalp
Figure 4B   Details of histological findings after a 6 week healing period (H&E 
staining or Masson staining). (1) Periodontal reconstruction (H&E);  
(2) Periodontal reconstruction (Masson); (3) New bone formation  
at a distance (H&E); (4) New bone formation at a distance (H&E); 
(5) New bone surrounding the particles (H&E); (6) New bone 
surrounding the particles 10x (Masson)
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To study the in vivo performance of Bio-Gide® and Bio-Oss® (either or not enriched 
with ALP), different evaluation techniques were used. Micro-computed tomography 
(µCT) was used to evaluate only defects without Bio-Oss®/Bio-Oss®-ALP, as these 
materials turned out to be inadequately distinguishable from the native bone. In 
contrast, a human20 and rabbit study21, both claimed that µCT could be used to 
discern Bio-Oss® from the host bone and to perform morphometric analysis. An 
explanation for this discrepancy could be the different bone densities of the species 
or the different µCT scans used. Our µCT analysis (defects without particles) 
indicated that healing of the periodontal defect in terms of bone formation largely 
depends on using a GTR treatment strategy to avoid soft tissue ingrowth and hence 
stimulate bone formation in the secluded area. Bone formation became apparent 
although only marginally, though significantly different from the empty defects. In 
addition to µCT analysis, a quantitative histological analysis was performed and 
showed after 2 weeks significantly more defects with evident bone ingrowth in the 
Bio-Gide®-ALP group and Bio-Gide®+Bio-Oss®-ALP group compared to the 
groups with pristine membrane and non-treated defects. Based on this finding, 
early new bone formation appears to be more predictable when Bio-Gide®-ALP 
and Bio-Gide®+Bio-Oss®-ALP are utilized, albeit that total bone formation remained 
rather limited. 
Although the main effect of ALP-enrichment was expected to be related to bone 
formation, also the process of periodontal regeneration was evaluated histologically. 
Initial periodontal repair, defined as re-establishment of the connective tissue 
attachment and formation of new alveolar bone was observed only in the groups 
with Bio-Gide®-ALP and Bio-Oss®-ALP, whereas in the groups with the pristine 
membrane and non-treated defects such a healing response was not seen. 
Moreover, reattachment was observed in half of the defects with bone regrowth in 
the Bio-Gide®-ALP group and in none of the defects in the Bio-Gide® group after 6 
weeks. In view of all of the above mentioned, the re-establishment of the connective 
tissue attachment observed in this study might be related to the effect of ALP. On 
the other hand, this finding should be interpreted with caution, since it is known 
from previous studies that reattachment could be caused by preserved remnants 
of PDL at the apical part of the root surface22.
At the same time, evidence from (pre-)clinical studies is available demonstrating 
that Bio-Gide® is able to induce periodontal regeneration alone or in combination 
with Bio-Oss® 1,23,24. The fact that in our study Bio-Gide® failed to induce periodontal 
repair can be explained by factors associated to our experimental model. Kornman 
& Robertson25 reported that the successful management of periodontal defects 
depends on bacterial contamination status, wound-healing potential, and local site 
characteristics. In addition, defect morphology is considered to be a critical factor 
influencing the outcome of regenerative therapy26. In our study, a wide and relatively 
4. Discussion
The aim of the study was to evaluate the effect of alkaline phosphatase (ALP) 
immobilization onto Bio-Gide® in vitro, and to study the in vivo performance of 
ALP-enriched Bio-Gide® and/or Bio-Oss® with the purpose to enhance periodontal 
regeneration. The in vitro results showed that a 30 minutes deposition time for ALP 
was optimal from mineralization capacity assessment. The in vivo results showed 
that at 2 weeks all implanted materials were visible, an inflammatory response was 
present, and membrane degradation was ongoing. Bone formation, although 
limited, was observed in the majority of BGalp specimens and all of the BG/BOalp 
specimens, and was significantly higher compared to BG and empty controls. After 
6 weeks, the BO/BOalp particles were still visible, however the membranes were 
completely degraded. The inflammatory response was decreased and bone 
formation appeared superior for BGalp treated defects.
ALP-immobilization onto Bio-Gide® showed similar results compared to previous 
data with titanium as a substrate regarding deposition characteristics and in vitro 
activity of ALP15. The rationale for choosing a deposition time of 30 minutes for in 
vivo experiments was an optimal balance between time and in vitro mineralization 
capacity as tested in vitro.
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Table 3   Data for quantative analysis  
Group Membrane 
visible
Rootdamage Root 
resorption
Periodontal 
repair
New bone 
formation
2 
weeks
6 
weeks
2 
weeks
6 
weeks
2 
weeks
6 
weeks
2 
weeks
6 
weeks
2 
weeks
6 
weeks
BG 2 0 1 3 4  6 0 1 1 1
BGalp 2 0 2 1 4 8 0 2 6
a,c,d 4
BGalp+BO 1 0 1 6 4 8 0 1 4 2
BG+BOalp 4 0 2 6 8 8 1 0 8
b,e,f 3
BGalp+BOalp 2 0 4 2 8 8 0 0 1 4
Empty - - 3* 1 6* 8 0 0 0 0
* Only group with 6 samples, all other groups 8 samples
a,b: Significantly different from BG group (p<0.05 and p<0.001); c: Significantly different form 
BGalp+BOalp group (p<0.01); d,f: Significantly different from empty group (p<0.01 and p<0.001);  
e: Significantly different from BGalp+BOalp (p<0.001); f: Significantly different from empty group 
(p<0.001). Note: no other significant differences for any of the measured histological scores
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5. Conclusion 
Based on our findings and within the limitations of this study, it can be concluded 
that immobilization of ALP onto Bio-Gide® resulted in enhanced early bone 
formation and that ALP-enrichment of Bio-Gide® and Bio-Oss® appears promising 
regarding their performance in GTR/GBR procedures. Further investigations, 
preferably in larger periodontal models, are necessary to examine the full potential 
of the used materials.
shallow intrabony defect was created, while narrow and deep intrabony defects are 
most favourable for regeneration27. Moreover, it was not possible to exclude 
negative variables such as bacterial and foreign body contamination. As a 
consequence, a severe inflammatory response was observed histologically, which 
might have impeded healing in general and prevented Bio-Gide® to demonstrate its 
regenerative potential. However, despite the disadvantages of this model, 
Bio-Gide®-ALP still demonstrated to perform superiorly than the pristine membrane, 
which makes it a promising modification for GTR-membranes.
This particular experimental model was chosen in order to create optimal similarity 
with the clinical GTR procedure. For example, an alternative rat model, like the 
fenestration model28, is not suitable to study the combined application of bone graft 
and membrane nor to perform volumetric µCT measurements as done in the 
present study. Other examples, like the capsule model29 or the calvarial defect 
model30 could have been other options to study the combined treatment regime 
(i.e. membrane + bone graft). However, a major disadvantage of these models is 
their inapplicability for sites with alveolar bone31. A similar model as in the present 
study was used to study cell sheet potential and similar histological findings were 
reported: i.e. immense inflammatory response, root ankylosis, partial root resorption 
and epithelial downgrowth32.
In view of ALP-enrichment of Bio-Oss®, an interesting observation was bone 
formation around the Bio-Oss®-ALP particles not in contact with the defect edges. 
Since this was observed only in the Bio-Gide®+ Bio-Oss®-ALP group, it can be 
attributed to the ALP-enrichment. In addition, Bio-Gide®+ Bio-Oss®-ALP appeared 
to perform comparable to Bio-Gide®-ALP and superior to Bio-Gide® in view of 
inducing early bone formation. This is in contrast to the reported obstruction of 
bone formation by the application of Bio-Oss® in GBR procedures33. ALP enrichment 
of Bio-Oss® may have positively affected bone formation in our experiment. 
Surprisingly, ALP-enriched Bio-Oss® combined with Bio-Gide®-ALP resulted in 
significantly less bone formation than Bio-Gide®-ALP alone. Therefore, our 
hypothesis that the combination of an ALP-enriched membrane and bone graft 
could have a synergistic effect on bone formation has to be rejected. An explanation 
for this observation remains unclear, although the higher local dose of ALP as 
applied in both materials (i.e. BG-ALP+BO-ALP) might have caused an inhibitory 
effect on bone formation. 
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1. Summary and address to the aims
In our ageing society more and more people grow old with their own natural 
dentition. When growing older, many of these people develop periodontal disease. 
Periodontal disease, i.e. gingivitis and/or periodontitis, destroys the tissues 
surrounding teeth. The ultimate goal for periodontal therapy is to achieve actual 
reconstruction of these tissues, including the periodontal ligament (PDL), alveolar 
bone, (a)cellular cementum, and gingiva. Several methods have been described in 
literature such as, for example, guided tissue regeneration (GTR), (bone) grafting, 
and the application of root surface modifying gels. Yet, another potential promising 
method is “tissue engineering” to achieve tissue analogs that can be used to fully 
restore the functional architecture and function of the lost periodontal tissues. This 
thesis first of all, described several studies performed to develop pre-clinical in vitro 
and in vivo models, and second tried to validate these models and develop new 
regenerative treatment modalities in the field of periodontal medicine. Bone 
regenerative materials, both experimental but also currently available, were 
extensively studied. Mainly, growth factors were evaluated as additives to an 
injectable calcium phosphate cement. Finally, a method to modify currently 
available biomaterials with the enzyme alkaline phosphatase was presented. This 
summary briefly describes the main findings of the research questions, as 
addressed in the first chapter.
1. Which animal models are currently used in the field of regenerative medicine 
research?
Obviously, tissue engineered constructs need to be tested for their safety and 
efficacy before they can be used in daily practice. At present, animal models offer 
the best possibility to do so. Each medical specialty favours its specific models, 
however in chapter 2 we focused upon the different animal models used in dentistry 
for evaluation of tissue-engineered constructs in periodontal and bone regeneration. 
In this chapter various models are described ranging from small animals, like 
mouse and rat, to the large animals, such as dog and non-human primates. A 
medium sized model was, surprisingly, not available.
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combination of chemical and mechanical stimulation seems possible, but does not 
show synergistic effects.  We can conclude that in this chapter, a new model was 
successfully introduced in the field of PDL related regenerative research. Besides 
validating the 3D model to mimic an authentic PDL space, it also provided a useful 
and well-controlled approach to study cell response to mechanical loading and 
other stimuli.
Based on chapter 3 we had to conclude that an intermediate model still does not 
exist and a rat model was chosen to investigate the effects of a combined treatment, 
in the subsequent studies.
4. Is the combination of a root modification gel and injectable calcium phosphate 
synergistic for periodontal and bone regeneration? 
A gel containing enamel matrix derivative (EMD) has proven to enhance periodontal 
regeneration, however its effect is mainly restricted to the soft periodontal tissues. 
Therefore, in chapter 5, the combined use of EMD, for the soft tissues, with an 
injectable calcium phosphate cement (bone graft material) for hard tissue 
regeneration was evaluated. Intrabony, three-wall-periodontal defects were created 
mesial of the first upper molar in 15 rats (30 defects). These defects were randomly 
treated according to one of the 3 following strategies: EMD, calcium phosphate 
cement and EMD or left empty. The animals were sacrificed after 12 weeks and 
retrieved samples were processed for histology and histomorphometry. Our results 
showed that the empty defects showed a reparative type of healing without 
periodontal ligament or bone regeneration. As measured on a histological grading 
scale for periodontal regeneration, the experimental groups (EMD and CaP/EMD) 
scored equally; both three-fold higher compared to empty defects. However, most 
bone formation was measured in the CaP/EMD group; addition of CaP to EMD 
significantly enhanced bone formation with 50% compared to EMD alone. 
Concluding that, within the limits of this animal study, the adjunctive use of calcium 
phosphate in combination with EMD was an effective treatment modality for 
regeneration of the periodontium. 
Since full regeneration upon EMD and calcium phosphate cement was not 
established in chapter 5, but positive effects were measured from the CaP treatment, 
the following study was designed.
 
5. Does the combination of calcium phosphate cement and growth factors lead to 
full periodontal regeneration? 
2. Is it possible, despite the known eruption of the molars, to use the rabbit as a 
model to study periodontal regeneration?
From chapter 2 it was known that numerous small and large animal models are 
currently used for periodontal regenerative research. However an intermediate 
large sized in vivo model, both in size and costs, was not available. Therefore, in 
Chapter 3, the rabbit was examined as a potential model to study periodontal 
regeneration. As previously explained, effective procedures or materials for 
periodontal tissue engineering or regeneration require pre-clinical models prior to 
market introduction. Therefore, periodontal fenestration defects were created in 12 
rabbits, and subsequently sacrificed after 2, 4, 6, 8, 10 or 12 weeks. Our results 
showed that up to six weeks the defects healed partly by repair and partly by 
regeneration. However, after six weeks the root had erupted to such an extent that 
the original root defect shifted into the oral cavity. This signifies that the PDL 
bordering the original bone defect site is newly formed during the natural eruption 
process and not locally regenerated. Apparently, the new PDL originates from 
mesenchymal cells that arise from the apical part (sheath of Hertwig) and 
subsequently developed into PDL fibroblasts. Finally, after twelve weeks, no signs 
of surgery were present anymore. On the basis of our observation that the defect of 
the PDL was replaced rather than restored, we had to conclude that the rabbit 
model has disadvantages and is less suitable for studies of regeneration of PDL. 
3. Is it possible to develop a relatively simple in vitro model to study periodontal 
ligament regeneration?
Although in vivo research remains necessary, in vitro research can also provide us 
essential initial preclinical data. Therefore, in chapter 4, a new 3-dimensional (3D) 
tissue culture model was developed that may serve to grow a 3D construct to 
transplant into defective periodontal sites, but also allows to examine the effect(s) 
of mechanical load in vitro. Green fluorescent protein (GFP) labelled periodontal 
ligament (PDL) cells form rat incisors were embedded in a 3-D matrix and exposed 
to mechanical loading alone, to a chemical stimulus (Emdogain; EMD) alone, or a 
combination of both. Loading consisted of unilateral stretching (8%, 1 Hz) and was 
applied for 1, 3, or 5 days. The results showed that PDL cells were randomly 
distributed and oriented within the artificial PDL space in static culture. Mechanical 
loading resulted in higher cell numbers. Moreover, cells realigned perpendicular to 
the stretching force, with great analogy to natural PDL tissue. EMD application gave 
a significant effect on growth and upregulated BSP and Col-I, while Runx-2 was 
downregulated. This implies that PDL cells under loading might tend to act like 
bone-like cells (BSP and Col-I) but at the same time react tendon like (Runx-2). The 
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and bone formation was superior for Bio-Gide®-ALP treated defects. In conclusion, 
immobilization of ALP onto bio-materials can enhance the in vivo performance in 
GTR/GBR procedures.
2. Closing remarks and future perspectives
The studies described in this thesis provide further insights on periodontal 
regeneration both in vitro and in vivo. 
When critically evaluating currently available therapies, guided tissue regeneration 
(GTR) has to be considered biologically inactive. GTR, using membranes to cover 
the periodontal defect, aims at excluding the fast proliferating (epithelial) cells to 
repopulate the affected region and allow the slower proliferating cells, such as the 
PDL fibroblasts and bone cells to repopulate the area1. In other words, GTR 
membranes act merely as a physical barrier, and the membranes themselves do 
not stimulate periodontal regeneration at all. In addition, positioning and securing a 
GTR membrane in clinical practice proves to be technically sensitive and 
demanding. In the early eighties, when predominantly non-resorbable membranes 
were used, wound dehiscence was often reported, leading to subsequent 
membrane infection and finally impaired wound healing. Nowadays, most 
membranes are resorbable and much more tissue-friendly, but also less stable. As 
a consequence, the final outcome of the GTR approach can be hampered. Another 
aspect of the GTR technique is, that favorable results are only observed for specific 
(3-wall) periodontal defects2. The predictability of treatment outcome for other 
defects is much lower.  Therefore, in such instances GTR is hardly used in daily 
practice. Possibly in the future, as proposed in chapter 7 of this thesis, membranes 
can be modified using enzymes and/or growth factors in order to be biologically 
active and thereby more attractive for a wider group of patients with more demanding 
periodontal defects.
Another method to treat periodontal defects is to use bone graft materials from 
different origin (e.g. autograft, xenograft, allograft), either alone or in combination 
with membranes. The combined treatment is often employed when a membrane 
alone would collapse into the defect, and thus support of the membrane is required. 
Although, the application of a grafting material leads to gain in clinical attachment 
level and reduction of pocket probing depths, histological evidence from a few 
case reports and a lot of animal studies showed only limited “true” regeneration. 
Bone graft materials mainly act as a scaffold (i.e. osteoconduction) and, like 
membranes, appear not to be active by themselves. Evidence is available, which 
indicates that graft material might even hamper regeneration, because the materials 
resorb slower than regeneration occurs and just “fill” space that otherwise might 
In chapter 6, three-wall-periodontal intrabony defects were used to evaluate the 
regenerative potential of an injectable macroporous calcium phosphate cement 
(CaP) in combination with potent growth factors; bone morphogenetic protein-2 
(BMP-2) or fibroblast growth factor-2 (FGF-2). After creating 30 periodontal defects 
in 15 Wistar rats, three treatment strategies were conducted: application of CaP, 
CaP+BMP-2 or CaP+FGF-2. Animals were euthanized after 12 weeks and 
processed for histology and histomorphometry. Using CaP alone resulted in limited 
effects on PDL and bone healing. CaP+BMP-2 showed a good response for bone 
healing; a significant increase of 2.4 fold (bone healing score) was measured 
compared to CaP. However, for PDL healing BMP-2 treatment was not different 
from the CaP group. The best effects were recorded for the combined treatment of 
CaP+FGF-2; showing a significant increase of 3.3 fold (PDL healing score) for PDL 
healing compared to CaP+BMP-2 and a significant increase of 2.6 fold compared 
to CaP. For bone healing as well, a significant increase of 1.9 fold compared to CaP 
was recorded, but no significant difference was noted compared to the CaP+BMP-2 
group. The combination of topical application of FGF-2 and an injectable CaP 
seems to be a promising treatment modality for periodontal regeneration. 
  
6. Is it possible to modify currently available biomaterials with an enzymatic 
additive to make them more potent in periodontal or bone regeneration? 
The enzyme alkaline phosphatase (ALP) is involved in the process of physiological 
mineralization, as it elevates inorganic phosphate levels to induce calcium 
phosphate precipitation. ALP is present within the PDL and is potentially involved in 
the formation of acellular cementum. Therefore, Chapter 7, evaluated the effect of 
ALP immobilization onto Bio-Gide® in vitro, and to study the in vivo performance of 
ALP-enriched Bio-Gide® and/or Bio-Oss® with the purpose to enhance periodontal 
regeneration. An ALP-deposition time of 30 minutes was determined as optimal in 
the mineralization capacity assessment. Consequently this time was used for 
Bio-Gide®-ALP membranes in the animal experiment. Forty-eight rats received 
periodontal defects, which were treated according to one of the following strategies: 
Bio-Gide®, Bio-Gide®-ALP, Bio-Gide®-ALP/Bio-Oss®, Bio-Gide®/Bio-Oss®-ALP, 
Bio-Gide®-ALP/Bio-Oss®-ALP, or empty. Micro-CT and histological analysis were 
performed. In vivo results showed that after 2 weeks, the defect and implanted 
materials were still visible, an inflammatory response was present, and membrane 
degradation was ongoing. Bone formation, although limited, was observed in the 
majority of Bio-Gide®-ALP specimens and all of the Bio-Gide®/Bio-Oss®-ALP 
specimens, and was significantly higher compared to Bio-Gide® and empty 
controls. After 6 weeks, the defects and particles were still visible, whereas 
membranes were completely degraded. The inflammatory response was decreased 
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different and much less organized than the tissues surrounding teeth. Accordingly, 
microorganisms can more easily access and penetrate into the direction of the 
alveolar bone, and subsequently destroy the alveolar bone. The major difference 
between natural teeth and oral implants is obviously the presence of the periodontal 
ligament and the connective tissue attachment around the tooth, while the implant 
surface is in direct contact with bone (osseointegration) without the presence of 
perpendicular collagen bundles in the connective tissue. Therefore, the tooth is 
much more protected against bone loss. As a consequence, the “best implant” is 
still the natural tooth, and patients should rely on their natural own dentition for as 
long as possible. Consequently, in case of periodontal disease treatment, after the 
resolution of the inflammation, periodontal regeneration is still a very meaningful 
treatment goal. In this thesis several experimental treatment options and materials 
have been investigated. Unfortunately, the full 100% periodontal regeneration was 
not achieved with any of the strategies presented in this thesis. Still, the experimental 
treatment always performed better than the empty control. More studies are 
necessary to further optimize the proposed treatment strategies. In these studies, 
an important role has to be played by the predictive in vitro models, mimicking the 
in vivo situation.
have been regenerated3. Another point of consideration remains that particulated 
graft materials are often difficult to adapt to the defect shape and might even fall 
out. One way to avoid these problems is the use of injectable bone graft materials 
to improve handling, such as employed in chapter 5 and 6 of this thesis.
Tissue engineering, using cells, growth factors, and a scaffold might seem an 
attractive (biological) treatment modality but still offers a lot challenges. One of the 
most important questions is whether “the implanted cells do actually survive the 
surgery?” Most probably as a consequence of the surgical trauma and the 
subsequent drop in pH at the wound bed site, the majority of applied cells will die. 
Another important issue is that the growth factors are often used in locally (very) 
high non-physiological levels. Up to now it is not fully elucidated if this might lead 
to local problems or even (serious?) problems in other parts of the body. Next to 
these questions also the method of delivery of growth factors remains a point of 
constant dispute and needs more research. Considering tissue engineering, it still 
seems attractive to create a functional PDL in vitro and subsequently implant it in 
vivo. A tissue-engineered PDL might be the “ultimate” treatment, but manifold 
technical challenges should be addressed until this treatment can be proposed in 
daily clinical practice.
Another point to discuss are the possibilities that are offered by cell homing. While 
tissue engineering is based upon using (lab-cultured) cells, growth factors and a 
(resorbable) scaffold, cell homing tries to attract (circulating) cells towards a 
specific region using specific signaling molecules. In a recent study by Kim and 
co-authors, the authors hypothesized that anatomically correct teeth can be 
regenerated in tooth-like scaffolds without cell transplantation4. Tooth-like scaffolds 
were fabricated and these scaffolds were implanted either orthotopically following 
mandibular incisor extraction, or ectopically into the dorsum. Stromal-derived 
factor-1 and bone morphogenetic protein-7 were delivered in these tooth-like 
scaffolds. The results showed that after 9 weeks, a putative periodontal ligament 
and new bone had regenerated at the interface of rat incisor scaffold with native 
alveolar bone. The authors concluded that regeneration of tooth-like structures and 
periodontal integration by cell homing provides an alternative to cell delivery. 
Although this method is very new, it might hold promise for future regeneration.
Considering the existing problems in periodontal regeneration, it can even be 
questioned whether periodontal regeneration is still of importance, since teeth can 
also be easily replaced using dental implants. Dental implantology has progressed 
significantly during the last two decennia and dental implants have become a 
reliable and very successful treatment option. On the other hand, it has to be 
noticed that recently oral implants has become associated with the occurrence of 
peri-implantitis, which is a major complication that results in bone loss around a 
dental implant. The supra-crestal soft tissues around implants are completely 
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Samenvatting, Slotopmerkingen en 
Toekomstperspectieven
1. Samenvatting en evaluatie van de doelstellingen
In onze vergrijzende samenleving behouden steeds meer mensen hun eigen, 
natuurlijke, gebit. Als gevolg van het ouder worden, ontwikkelt een groot deel van 
deze mensen parodontale aandoeningen. Parodontale aandoeningen, dat wil zeggen 
gingivitis en/of parodontitis, vernietigen de weefsels rondom de tanden. Het ultieme 
doel van parodontale behandeling is het bewerkstelligen van daadwerkelijke 
regeneratie van alle weefsels rondom de tanden; het parodontale ligament (PDL), 
alveolair bot, (a)cellulair cement en gingiva. Diverse behandel strategieën zijn 
beschreven in de literatuur, zoals geleide weefsel regeneratie (GTR), het aanbrengen 
van (bot)substituten en de toepassing van worteloppervlak modificerende gels. 
Nog een andere veelbelovende mogelijkheid is het zogenaamde “tissue engineering” 
d.w.z het creëren van weefsel analogieën die kunnen worden gebruikt om het herstel 
van de functionele opbouw en de werking van de verloren parodontale weefsels te 
bewerkstelligen. Dit proefschrift beschrijft allereerst verschillende onder zoekingen 
verricht naar preklinisch ontwikkelde in vitro en in vivo modellen en ten tweede is er 
geprobeerd deze modellen te valideren en nieuwe regeneratieve behandelingen op 
het gebied van parodontale genees kunde te ontwikkelen. Bot regeneratieve 
materialen, zowel experimenteel alsook momenteel beschikbaar, werden uitvoerig 
bestudeerd. Vooral groeifactoren als additief van een injecteerbaar calciumfosfaat 
cement zijn geëvalueerd. Tenslotte werd een methode om hedendaagse (bio)
materialen te modificeren met het enzym alkalische fosfatase gepresenteerd. Deze 
samenvatting beschrijft in het kort de belangrijkste bevindingen van de onderzoeks-
vragen, zoals vermeld in het eerste hoofdstuk.
1. Welke diermodellen worden momenteel gebruikt op het gebied van de 
regeneratieve geneeskunde?
Uiteraard moeten zogenaamde “tissue-engineered” constructen worden getest op 
hun veiligheid en werkzaamheid alvorens te kunnen worden toegepast in de 
dagelijkse praktijk. Op dit moment bieden diermodellen de beste mogelijkheden 
om dat te doen. Uiteraard heeft elk medisch veld eigen, specifieke (dier)modellen, 
maar in hoofdstuk 2 hebben we ons specifiek gericht op de verschillende 
diermodellen die gebruikt worden binnen de tandheelkunde voor de evaluatie van 
“tissue-engineered” constructen voor parodontale en/of botregeneratie. In dit 
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chemische stimulus (Emdogain; EMD), of de combinatie van beide factoren. 
Mechanische belasting bestond uit eenzijdig uitrekking (8%, 1 Hz) en werd 
toegepast voor 1, 3 of 5 dagen. De resultaten toonden aan dat de PDL-cellen zich 
willekeurig verspreiden en oriënteren in de kunstmatige PDL ruimte in de niet 
mechanisch belaste kweek. Mechanische belasting resulteerde in een hoger cel 
aantal. Bovendien reageerden de cellen door zich loodrecht op de richting van de 
kracht te oriënteren, met een grote gelijkenis aan natuurlijk PDL weefsel. EMD 
toepassing had een significant effect op de groei en een opreguleerd effect op BSP 
en Col-I, terwijl Runx-2 naar beneden werd gereguleerd. Dit betekent dat PDL 
cellen onder belasting de  neiging tonen om als botachtige cellen (BSP en Col-I) te 
reageren, maar tegelijkertijd reageren als peesachtige cellen (Runx-2). Hoewel de 
combinatie van chemische en mechanische stimulatie mogelijk is, heeft dit geen 
synergetische effecten. Concluderend, een nieuw model werd succesvol geïntroduceerd 
op het gebied van PDL-gerelateerd regeneratief onderzoek. Naast het valideren 
van het 3D-model om een  natuurlijke PDL ruimte na te bootsen, blijkt het model ook 
geschikt om gecontroleerd cel reactie op mechanische belasting en andere stimuli 
te bestuderen.
Op basis van hoofdstuk 3 moesten we concluderen dat een intermediair diermodel 
nog steeds niet bestaat en daarom is voor de volgende hoofdstukken een rat model 
gekozen om de effecten van een gecombineerde behandeling te onderzoeken.
4.  Werkt de combinatie van een worteloppervlak modificerende gel en een 
injecteer baar calciumfosfaat cement synergetisch op parodontale en bot-
regeneratie? 
Applicatie van een gel met daarin glazuur matrix derivaat (Emdogain®; EMD) blijkt 
parodontale regeneratie te bewerkstelligen, hoewel het effect zich vooral beperkt 
tot de zachte parodontale weefsels. Daarom is in hoofdstuk 5, het gecombineerde 
gebruik van EMD, voor de zachte weefsels, met een injecteerbaar calciumfosfaat 
cement (CFC; botaugmentatie materiaal) voor de harde weefsel (bot) regeneratie 
geëvalueerd. Angulaire, 3-wandige, parodontale defecten werden chirurgisch 
aangebracht  mesiaal van de eerste bovenmolaar in 15 ratten (30 defecten). Deze 
defecten werden vervolgens willekeurig behandeld volgens één van de drie 
volgende behandelingen: EMD, CFC en EMD of leeg. De dieren werden geofferd 
na 12 weken en de samples werden behandeld voor latere histologie en histomor-
fometrie. De resultaten toonden aan dat de lege defecten herstellen d.m.v reparatie, 
zonder parodontale ligament of bot regeneratie. Op basis van een histologisch 
score systeem voor parodontale regeneratie, scoorden de experimentele groepen 
(EMD en CFC/EMD) gelijk, echter beide drie maal hoger dan de lege defecten. De 
hoofdstuk worden verschillende kleine modellen beschreven, zoals muizen en 
ratten en tevens, de grote dieren, zoals honden en niet-humane primaten. Een 
middelgroot model bleek, verrassend genoeg, niet beschikbaar.
 
2.  Is het mogelijk, ondanks de reeds bekende uitgroei van de kiezen, om het konijn 
te gebruiken als model om parodontale regeneratie te bestuderen?
Uit hoofdstuk 2 was bekend dat een aantal kleine en grote diermodellen worden 
gebruikt voor parodontaal regeneratief onderzoek. Een middelgroot in vivo 
diermodel, zowel in omvang als kosten, bleek echter niet beschikbaar. Daarom is in 
hoofdstuk 3 het konijn onderzocht als een mogelijk middelgroot model om 
parodontale regeneratie te kunnen bestuderen. Zoals reeds eerder vermeld zijn 
pre-klinische diermodellen noodzakelijk om procedures en/of materialen voor 
parodontale “tissue engineering” of regeneratie te bestuderen voorafgaand aan 
eventuele marktintroductie. In 12 konijnen werden parodontale fenestratie defecten 
chirurgisch gecreëerd; deze konijnen werden geofferd na 2, 4, 6, 8, 10 of 12 weken. 
Onze resultaten toonden aan dat tot zes weken de defecten genezen door een 
combinatie van deels reparatie en deels regeneratie. Na zes weken bleek dat de 
wortel zover was geerupteerd dat het oorspronkelijke worteldefect was doorgegroeid 
tot in de mondholte. Dit betekent dat het PDL grenzend aan het oorspronkelijke 
botdefect is gevormd als gevolg van de natuurlijke eruptie en als gevolg van lokale 
regeneratie. Blijkbaar is het nieuwe PDL afkomstig van mesenchymale cellen, 
stammend uit het apicale deel rondom de apex (schede van Hertwig), en deze 
cellen hebben zich ontwikkeld tot PDL fibroblasten. Twaalf weken na de ingreep zijn 
geen zichtbare tekenen van de operatie meer aanwezig. Op basis van onze 
observatie, dat het PDL vervangen is in plaats van hersteld, moesten we concluderen 
dat de konijnenmodel specifieke nadelen heeft en daardoor minder geschikt is 
voor parodontaal regeneratief onderzoek.
3.  Is het mogelijk om een  relatief eenvoudig in vitro model te ontwikkelen om 
parodontale regeneratie te bestuderen?
Hoewel in vivo onderzoek noodzakelijk blijft, kan in vitro onderzoek daarnaast 
belangrijke eerste preklinische data verschaffen. In hoofdstuk 4 is daarom een 
nieuw 3-dimensionaal (3D) weefselkweek model ontwikkeld dat kan dienen om een 
3D construct te vervaardigen dat later mogelijk getransplanteerd kan worden naar 
een parodontaal defect; daarnaast is het ook mogelijk om de effecten van 
mechanische belasting te onderzoeken in vitro. Groen fluorescerend eiwit (GFE) 
gelabelde PDL cellen van rat snijtanden werden geplaatst in een 3D collageen 
matrix en vervolgens blootgesteld aan mechanische belasting of aan een 
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Het enzym alkalische fosfatase (ALP) is betrokken bij de fysiologische mineralisatie, 
het verhoogt het anorganisch fosfaat niveau om daarmee calciumfosfaat precipitatie 
te induceren. ALP is aanwezig in het PDL en mogelijk betrokken bij de vorming van 
cellulair cement. Daarom werd in hoofdstuk 7, het effect van ALP immobilisatie op 
Bio-Gide® in vitro en daarnaast in vivo bestudeerd. De studies werden uitgevoerd 
met ALP verrijkte Bio-Gide® en/of Bio-Oss® met als doel om het parodontaal 
regeneratieve potentieel te verbeteren. Een ALP-depositie tijd van 30 minuten werd 
bepaald als optimaal op basis van de mineralisatie capaciteit. Daarom werd deze 
tijd aangehouden voor de Bio-Gide®-ALP membranen in de dierproef. In 48 ratten 
werden parodontale defecten aangebracht, die vervolgens werden behandeld 
volgens een van deze strategieën: Bio-Gide®, Bio-Gide®-ALP, Bio-Gide® -ALP/
Bio-Oss®, Bio-Gide®/Bio-Oss® ALP-, Bio-Gide® -ALP/Bio-Oss®-ALP, of leeg. 
Micro-CT en histologische analyse werden uitgevoerd. De in vivo resultaten lieten 
zien dat na 2 weken, het defect en de geïmplanteerde materialen nog steeds 
zichtbaar waren, er een ontstekingsreactie aanwezig was en dat membraan 
degradatie begonnen was. De vorming van bot, weliswaar beperkt, werd 
waargenomen in de meerderheid van de Bio-Gide®-ALP behandelde defecten en 
in alle met de Bio-Gide®/Bio-Oss® ALP behandelde defecten, de botvorming was 
significant hoger in vergelijking met de Bio-Gide® behandelde defecten en de lege 
controles. Na 6 weken, waren de defecten en het botsubstitutie materiaal nog 
steeds zichtbaar, terwijl de membranen volledig waren geresorbeerd. De ontste-
kingsreactie was afgenomen en de botvorming was superieur voor Bio-Gide®-ALP 
behandelde defecten. Concluderend kan gezegd worden dat immobilisatie van 
ALP op (bio)materialen de in vivo resultaten in GTR / GBR procedures kan 
verbeteren.
2. Slotopmerkingen en Toekomstperspectieven
De studies beschreven in dit proefschrift geven meer inzicht in parodontale 
regeneratie zowel in vitro als in vivo.
Bij het kritisch evalueren van de momenteel beschikbare therapieën,  moet het 
membraan dat gebruik wordt bij GTR beschouwd worden als biologisch inactief. 
GTR, waarbij parodontale defecten worden afgedekt met een membraan, om de 
langzaam delende cellen (bot, cement en parodontaal fibroblasten) de mogelijkheid 
te geven om uit te groeien in de ruimte die onder het membraan in stand wordt 
gehouden i.p.v. dat de snel delende cellen (epitheel) deze ruimte innemen en er 
slecht een vorm van reparatie optreedt i.p.v. regeneratie1. Met andere woorden, 
GTR membranen vormen uitsluitend een fysieke barrière, deze membranen zelf 
stimuleren geen parodontale regeneratie. Vanuit praktisch oogpunt blijkt het 
meeste botvorming werd gemeten in de CFC/ EMD groep; de combinatie van CFC 
en EMD leidde tot aanzienlijk meer botvorming (50%) ten opzichte van het gebruik 
van EMD alleen. De conclusie is dat, binnen de grenzen van een dier studie, het 
gebruik van calciumfosfaat cement in combinatie met EMD een effectieve behan-
delingsmethode is voor de regeneratie van het parodontium.
Hoewel volledige parodontale regeneratie, na de gecombineerde applicatie van 
EMD en calciumfosfaat cement, niet werd bereikt in hoofdstuk 5, werden positieve 
effecten van de CFC behandeling opgemerkt en daarom werd de volgende studie 
gepland.
 
5.  Kan de combinatie van calciumfosfaat cement en groeifactoren leiden tot een 
volledige parodontale regeneratie?
In hoofdstuk 6 zijn 3-wandige, parodontale defecten gebruikt om het regeneratieve 
potentieel van een injecteerbare macroporeus calciumfosfaat cement (CFC) in 
combinatie met krachtige groeifactoren te evalueren. Deze groeifactoren zijn “bone 
morphogenetic protein-2” (BMP-2) en “fibroblast gowthfactor- 2” (FGF-2). Na het 
creëren van 30 parodontale defecten in 15 Wistar ratten werden drie verschillende 
behandelstrategieën toegepast: CFC alleen, CFC met BMP-2 applicatie of CFC 
met FGF-2 applicatie. De dieren werden geofferd na 12 weken en de samples 
werden behandeld voor latere histologie en histomorfometrie. Het gebruikt van 
CFC alleen resulteerde in beperkte effecten op de PDL en botgenezing. CFC en 
BMP-2 toonde een goede reactie voor de botgenezing, een aanzienlijke stijging 
van 2.4 maal (botgenezing score) werd gemeten in vergelijking met CFC alleen. 
Echter, voor de PDL genezing deed het additioneel aanbrengen van BMP-2 het niet 
beter dan voor de alleen CFC groep. De beste effecten werden gemeten voor de 
gecombineerde behandeling van CFC en FGF-2; een significante stijging van 3.3 
maal (PDL genezing score) voor de PDL-genezing in vergelijking met CaP en 
BMP-2 en een significante toename van 2.6 maal ten opzichte van CFC alleen. Voor 
de botgenezing werd een aanzienlijke stijging van 1.9 maal ten opzichte van CaP 
alleen waargenomen, maar geen significant verschil werd vastgesteld ten opzichte 
van de Cap en BMP-2-groep. De combinatie van plaatselijk aanbrengen van FGF-2 
en een injecteerbare CFC lijkt een veelbelovende behandelingsmodaliteit voor 
parodontale regeneratie.
  
6.  Is het mogelijk om de huidige beschikbare (bio)materialen te modificeren met 
een enzymatisch additief om deze materialen potenter te maken op het gebied 
van parodontale en/of botregeneratie?
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sterven. Een ander belangrijk punt is dat de groeifactoren vaak worden gebruikt in 
lokaal (zeer) hoge niet-fysiologische hoeveelheden. Tot op heden is het niet helder 
of dit zou kunnen leiden tot lokale problemen of (ernstige?) problemen elders in het 
lichaam. Naast deze punten is ook de manier waarop groeifactoren zouden moeten 
worden aangebracht een punt van constante discussie; er is op dit gebied behoefte 
aan meer onderzoek. Denkend aan de mogelijkheden van tissue engineering, lijkt 
het nog steeds aantrekkelijk om een functioneel PDL in vitro te maken om het 
vervolgens in vivo te implanteren. Een zogenaamde “tissue-engineered” PDL kan 
potentieel de “ultieme” behandeling zijn, maar er moeten nog vele hordes genomen 
worden alvorens de behandeling kan worden toegepast in de dagelijkse praktijk.
Een ander punt om te bespreken zijn de mogelijkheden die worden geboden door 
het zogenaamde “cell homing”. Terwijl tissue engineering is gebaseerd op het 
gebruik van (lab-gekweekte) cellen, groeifactoren en een (resorbeerbare) matrix, 
probeert “cel homing” circulerende cellen aan te trekken naar een specifieke regio 
met behulp van signaalmoleculen. In een recente studie van Kim en co-auteurs, 
werken de auteurs aan de hypothese dat anatomisch correcte tanden kunnen 
worden geregenereerd in een tandvormige matrix zonder cellen te transplanteren4. 
Tandvormige matrices werden gefabriceerd en deze werden geïmplanteerd na 
extractie van een mandibulaire snijtand, of op de rug. De groeifactoren aanwezig in 
de tandvormige steiger waren “stromal-derived factor-1” en “bone morphogenetic 
protein-7”. De resultaten toonden aan dat, na 9 weken, een parodontale ligament 
achtige structuur en nieuw bot waren geregenereerd tussen de rat snijtand matrix 
en het alveolaire bot. De auteurs concludeerden dat de regeneratie van tand-achtige 
structuren en parodontale integratie door “cel homing” als alternatief voor “tissue 
engineering” kan dienen. Hoewel deze methode erg nieuw is, kan het veelbelovend 
zijn voor de toekomst van regeneratie.
Gezien de bestaande uitdagingen met betrekking tot de parodontale regeneratie, 
kan het zelfs de vraag zijn of parodontale regeneratie nog steeds van belang is, 
omdat de tanden ook gemakkelijk kunnen worden vervangen met behulp van tand-
heelkundige implantaten. De tandheelkundige implantologie heeft aanzienlijke 
vorderingen gemaakt de afgelopen twee decennia en tandheelkundige implantaten 
zijn daarom uitgegroeid tot een betrouwbare en zeer succesvolle behandeling 
optie. Aan de andere kant moet worden opgemerkt dat rondom implantaten peri-
implantitis kan voorkomen, een ernstige complicatie die resulteert in botverlies 
rond een tandheelkundig implantaat. De supra-crestale zachte weefsels rondom 
implantaten zijn compleet anders en veel minder georganiseerd dan de weefsels 
rondom tanden. Derhalve kunnen micro-organismen relatief gemakkelijk in de 
richting van de alveolaire bot binnendringen om vervolgens alveolair bot af te 
breken. Het belangrijkste verschil tussen tanden en implantaten is uiteraard de 
aanwezigheid van het parodontale ligament en de bindweefsel aanhechting 
positioneren en aanbrengen van een GTR membraan techniek gevoelig en moeilijk. 
In de vroege jaren tachtig, toen voornamelijk niet-resorbeerbare membranen 
werden gebruikt, werd wonddehiscentie vaak gerapporteerd, leidend tot membraan 
infectie en als gevolg daarvan een gestoorde wondgenezing. Tegenwoordig zijn de 
meeste membranen resorbeerbaar en veel weefselvriendelijker, maar ook fysiek 
minder stabiel. Als gevolg hiervan kan het eindresultaat van de GTR techniek 
negatief worden beïnvloed. Een ander aspect van de GTR techniek is dat gunstige 
resultaten met name worden waargenomen in specifieke (zogenaamde 3-wandige) 
parodontale defecten2. De voorspelbaarheid van de behandeling is bij andere 
defect morfologie veel lager. Daarom wordt GTR, helaas, nauwelijks gebruikt in de 
dagelijkse praktijk. Toekomstmuziek, zoals voorgesteld in hoofdstuk 7 van dit 
proefschrift, is dat membranen worden aangepast met behulp van enzymen en / of 
groeifactoren om biologisch actief te zijn en daarmee aantrekkelijker voor een 
grotere groep patiënten met meer uitdagende parodontale defecten.
Een andere methode om parodontale defecten te behandelen is gebruik te maken 
van bottransplantaten van verschillende oorsprong (zoals bijvoorbeeld autoloog of 
van dierlijke oorsprong), hetzij alleen of in combinatie met membranen. Deze 
gecombineerde behandeling wordt vaak toegepast als een membraan alleen niet 
in staat is om de ruimte onder het membraan “open” te houden, het (bot)
transplantaat dient dan om het membraan te ondersteunen. Hoewel de toepassing 
van een (bot)substitutie materiaal leidt tot een toename van het klinisch aanhech-
tingsniveau en vermindering van de pocketdiepte, laat de histologie van een paar 
case reports en daarnaast veelal dierlijke studies, zien dat er slechts in beperkte 
mate gesproken kan worden van “echte” regeneratie. Bot transplantaten dienen 
vooral als een matrix (zogenaamde osteoconductie) en membranen blijken niet 
biologisch actief te zijn. Er is zelfs bewijs dat laat zien dat een (bot)substitutie 
materiaal regeneratie kan belemmeren, omdat deze materialen langzamer 
resorberen dan dat natuurlijk regeneratie optreedt en deze materialen alleen maar 
ruimte “opvullen” die anders geregenereerd zou zijn3. Een ander punt is dat de 
meeste (bot)substituten in een korrel vorm worden aangeboden  en daardoor vaak 
moeilijk zijn aan te passen aan het defect en bovendien soms zelfs uit het defect 
“vallen”. Een manier om deze problemen te voorkomen is gebruik te maken van een 
injecteerbaar (bot)substituut materiaal om de behandelingmogelijkheden te 
verbeteren, zoals toegepast in hoofdstuk 5 en 6 van dit proefschrift.
De zogenaamde “tissue engineering”, waarbij gebruik wordt gemaakt van cellen, 
groeifactoren en een matrix kan een aantrekkelijke (biologische) behandelings-
modaliteit lijken, maar er blijken nog veel uitdagingen. Een van de belangrijkste 
vragen is of  de geïmplanteerde cellen eigenlijk de operatie wel overleven? Als 
gevolg van het chirurgische trauma en de daaropvolgende pH daling in het 
wondgebied zullen hoogstwaarschijnlijk het merendeel van de toegepaste cellen 
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rondom tanden, terwijl het implantaatoppervlak in direct contact staat met het bot 
(osseointegratie) zonder de aanwezigheid van het parodontaal ligament. Als gevolg 
hiervan is de tand veel meer beschermd tegen botverlies. Het beste implantaat 
blijft dan ook het natuurlijke gebitselement en patiënten zouden moeten trachten 
hun natuurlijke gebit zolang mogelijk te behouden. Met dit in het achterhoofd is in 
geval van parodontale behandeling, na het behandelen van de ontsteking, 
parodontale regeneratie nog steeds een zeer zinvolle behandeling. In dit proefschrift 
werden verschillende experimentele behandelingen en materialen onderzocht. 
Helaas werd de volle 100% parodontale regeneratie niet bereikt met een van de 
strategieën uit dit proefschrift. Toch voldeed  de experimentele behandeling altijd 
beter dan de lege controles. Meer studies zijn nodig om verdere optimalisatie van 
de voorgestelde behandelingsstrategieën te bewerkstelligen. In deze studies is een 
belangrijke rol weggelegd voor het voorspellende in vitro model, die het nabootsen 
van de in vivo situatie op z’n best probeert te benaderen.
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